Development of anode catalysts for proton exchange membrane water electrolyser by Puthiyapura, Vinod Kumar
 Development of anode catalysts for Proton 
Exchange Membrane Water Electrolyser 
 
A thesis submitted for the degree of 
Doctor of Philosophy 
by 
Vinod Kumar Puthiyapura 
Supervisor: Prof. Keith Scott 
 
 
 
School of Chemical Engineering and Advanced Materials, 
Newcastle University. 
Newcastle Upon Tyne, United Kingdom. 
 
 
 
 
March 2014 
 ii 
 
ii Abstract 
Abstract 
The proton exchange membrane water electrolyser (PEMWE) is a promising technology 
for the production of hydrogen from water. The oxygen evolution reaction (OER) has a 
high over potential cf. with the hydrogen evolution reaction and is one of the main 
reasons for the high energy demand of the electrolyser. RuO2 and IrO2 are the most 
active catalyst for OER, but are costly, making the electrolyser system expensive. In 
general, it is important to use stable, active and cheap catalysts in order to make a cost 
efficient electrolyser system. Supporting the active catalyst on a high surface area 
conducting support material is one of the approaches to reduce the precious metal 
loading on the electrode. Antimony tin oxide (ATO) and indium tin oxide (ITO) were 
studied as possible support materials for IrO2 in the PEMWE anode prepared by the 
Adams method. The effect of the support material on the surface area, electronic 
conductivity, particle size and agglomeration were investigated. The IrO2 showed 
highest conductivity (4.9 S cm
-1
) and surface area (112 m
2
 g
-1
) and decreased with the 
decrease in the IrO2 loading.  
Using the catalysts in the membrane electrode assemblies (MEA) with Nafion
®
-115 
membranes, at 80
o
C showed that the catalyst with better dispersion and conductivity 
gave better performance. The unsupported IrO2 and 90% IrO2 supported on ATO and 
ITO showed the best performance among all the catalysts tested, achieving a cell 
voltage of 1.73 V at 1 A cm
-2
. A lower IrO2 loading decreased the conductivity and 
surface area. The IrO2 particle size and bulk conductivity of the supported catalyst 
significantly influenced the MEA performance. Overall, it is important to maintain a 
conductive network of IrO2 on the non-conducting support to maintain the bulk 
conductivity and thus reduce the Ohmic potential drop. 
Although RuO2 is the most active catalyst for OER, it lacks stability on long term 
operation. RuxNb1-xO2 and IrxNb1-xO2 catalysts were synthesized and characterized, to 
try to develop stable electrodes for PEMWE. However the Adams method of catalyst 
synthesis formed a sodium–niobium complex making it unsuitable for preparation of Nb 
based catalysts. In both Adams and hydrolysis methods of synthesis, the addition of 
Nb2O5 decreased the anodic charge and electronic conductivity of the catalyst due to the 
dilution of the active RuO2. The RuO2 catalyst showed the best performance in MEA 
evaluation compared to the bimetallic catalyst (1.62 V and 1.75 V @1 A cm
-2
 for 
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iii Abstract 
RuO2(A) and RuO2(H) respectively). A higher stability for bimetallic catalyst compared 
to the monometallic catalysts was obtained from the continuous CV cycling and MEA 
stability test. 
 iv 
 
iv Acknowledgement 
Acknowledgement 
It has been a wonderful journey which is reaching an end. There are many without 
whom this thesis would have never finished. First of all I would like to express my 
sincere gratitude to my supervisor Prof. Keith Scott for all his guidance and support 
which helped me to finish the thesis on time. I also express my gratitude to EPSRC for 
the financial support for my PhD project.  
I am deeply thankful to Dr. Mohammed Mamlouk (Moodie) for his invaluable help, 
support and guidance during all these three years. You have been a great mentor all 
these years. I am also grateful to all fuel cell group members- both past and present 
members- Dr. Senthil Kumar, Aris (Georgios), Xu Wu, Anca Dumitru, Asier, Ukrit 
(One), Ryan (Xu Wang), Georgina, Chenxi Xu (Paul), Ravikumar, Lei Xing (Chris), 
Luke Watkins, Terence (Xiaoteng Liu), Taiwo, Cao and Kemi for being such warm and 
friendly co-workers. 
I would also like to express my sincere gratitude to Dr. Sivakumar Pasupathi and Prof. 
Bruno Pollet (HySA, University of Western Cape, South Africa) for their guidance and 
support during my stay in South Africa. Thanks to Huaneng Su, BJ Brown, Piotr Bujlo, 
Basheley and Joris for your help, support and fun at HySA. I cannot forget all the 
wonderful days in South Africa. I would like to express my sincere thanks and love to 
Sadiq Ali (Thirumeni), Ramesh Nepalli and Pritesh Sinha for making my stay in South 
Africa a memorable experience. 
I would like to express my gratitude to Prof. Basu (IIT Delhi, India) for his supervision 
during my visit at IIT-Delhi, India. I am thankful to Varagunapandiyan, Pankaj Tiwari, 
Pawan kumar, Jyothsna Annepu, Rajalekshmi, Shashank sood and Sundar singh for 
their help and support during my stay at IIT-Delhi. 
I am also thankful to all the technical and office staff at CEAM for their great support 
all these years. My special thanks to Maggie and Pauline Carrick for the XRD and SEM 
analysis.  
Also, I would like to express my gratitude to all my dear friends in Newcastle who gave 
me wonderful memories in these 3 years of my life. Thanks Balamurugan, Abhijay 
Awasthi, Nutthapaon (Tom), Roney Joseph (Thirumeni), Vivek Dodduraj, Vineeth 
 v 
 
v Acknowledgement 
Thoonoli, Nicolas (Nick), Ela, Simona Tibuloca, Rahul JP and Gayathri (Aishu). 
Thanks for all the fun! 
I would also like to express my thanks to my dear friends for their support and for 
always being with me during the good and bad days. Thanks Jamsad 
Mannuthodukayyil, Midhun Chandran, Meera Mohan, Tharun Jose and Lishil Silvester 
(Arnold). 
Finally, I would like to thank my parents and brother for all their love, support and 
encouragement during the hard days. 
 vi 
 
vi Table of contents 
Table of contents 
 
Abstract .................................................................................................................... ii 
Acknowledgement ................................................................................................... iv 
Table of contents ..................................................................................................... vi 
List of Figures ........................................................................................................... x 
List of Tables .......................................................................................................... xiv 
Symbols .................................................................................................................. xv 
Abbreviations ........................................................................................................ xvi 
1 Chapter-1. Introduction and objective ............................................................... 1 
 Hydrogen economy ..................................................................................................... 1 1.1
 Hydrogen production. ................................................................................................. 2 1.2
 Thermal process of hydrogen production ............................................................... 3 1.2.1
 Photolytic hydrogen production ............................................................................. 4 1.2.2
 Electrolytic hydrogen production ............................................................................ 4 1.2.3
 History of water electrolysis ........................................................................................ 5 1.3
 Theory of water electrolysis ........................................................................................ 7 1.4
 Types of water electrolysers ...................................................................................... 11 1.5
 Alkaline water electrolyser.................................................................................... 11 1.5.1
 Solid oxide water electrolyser ............................................................................... 13 1.5.2
 Proton exchange membrane water electrolyser .................................................. 14 1.5.3
 Electrocatalysts for PEMWE ...................................................................................... 18 1.6
 Oxygen evolution reaction (OER) .......................................................................... 18 1.6.1
 Hydrogen evolution reaction (HER) ...................................................................... 22 1.6.2
 Objective of the thesis ............................................................................................... 23 1.7
2 Chapter-2. Experimental .................................................................................. 25 
2.1 Synthesis of the catalyst ............................................................................................ 25 
2.1.1 Adams fusion method ........................................................................................... 25 
2.1.2 Hydrolysis method ................................................................................................ 27 
2.2 Physical Characterization........................................................................................... 28 
2.2.1 X-ray diffraction..................................................................................................... 28 
2.2.2 X-ray photoelectron spectroscopy (XPS) ............................................................... 31 
 vii 
 
vii Table of contents 
2.2.3 Scanning electron microscopy (SEM) .................................................................... 33 
2.2.4 Energy dispersive X-ray technique (EDX) .............................................................. 35 
2.2.5 Transmission electron microscopy (TEM) ............................................................. 35 
2.2.6 Thermo-gravimetric analysis (TGA) ....................................................................... 36 
2.2.7 BET surface area analysis ...................................................................................... 36 
2.3 Electrochemical Methods .......................................................................................... 37 
2.3.1 Powder conductivity ............................................................................................. 37 
2.3.2 Cyclic voltammetry ................................................................................................ 39 
2.3.3 MEA preparation and electrolyser test ................................................................. 44 
2.3.4 Membrane conductivity measurement ................................................................ 46 
3 Chapter-3. Investigation of supported anode catalyst for PEM water electrolyser49 
 Introduction ............................................................................................................... 49 1.8
3.1 Experimental:............................................................................................................. 53 
3.1.1 Synthesis of catalyst .............................................................................................. 53 
3.2 Characterization of the catalysts ............................................................................... 54 
3.2.1 Electrochemical characterization .......................................................................... 54 
3.3 Result and Discussion ................................................................................................ 55 
3.3.1 Thermal stability .................................................................................................... 55 
3.3.2 Powder conductivity ............................................................................................. 56 
3.3.3 XRD ........................................................................................................................ 59 
3.3.4 BET surface area .................................................................................................... 64 
3.3.5 XPS analysis ........................................................................................................... 66 
3.3.6 Morphology ........................................................................................................... 69 
3.3.7 Cyclic voltammetry ................................................................................................ 71 
3.3.8 MEA Performance ................................................................................................. 80 
3.4 Conclusion ................................................................................................................. 84 
4 Chapter-4. ITO supported IrO2 as OER catalyst in PEMWE. ............................... 86 
4.1 Introduction ............................................................................................................... 86 
4.2 Experimental:............................................................................................................. 87 
4.2.1 Synthesis of catalyst .............................................................................................. 87 
4.2.2 Characterization of the catalyst ............................................................................ 88 
4.3 Result and Discussion: ............................................................................................... 88 
4.3.1 XRD ........................................................................................................................ 88 
4.3.2 Morphology ........................................................................................................... 91 
4.3.3 Electronic conductivity .......................................................................................... 93 
 viii 
 
viii Table of contents 
4.3.4 BET surface area .................................................................................................... 94 
4.3.5 Cyclic voltammetry ................................................................................................ 96 
4.3.6 PEMWE performance ............................................................................................ 98 
4.3.7 Effect of support conductivity ............................................................................. 100 
4.4 Conclusions .............................................................................................................. 102 
5 Chapter 5. RuxNb1-xO2 catalyst for the oxygen evolution reaction in PEMWE .. 103 
 Introduction ............................................................................................................. 103 5.1
 Electrocatalyst Syntheses ........................................................................................ 105 5.2
 Adams fusion method ......................................................................................... 106 5.2.1
 Hydrolysis Method. ............................................................................................. 106 5.2.2
 Electrocatalyst Characterization .............................................................................. 107 5.3
 Physical Characterization .................................................................................... 107 5.3.1
 Electrochemical Characterization ....................................................................... 107 5.3.2
 Result and Discussion: ............................................................................................. 108 5.4
 X-ray diffraction................................................................................................... 108 5.4.1
 Morphology ......................................................................................................... 114 5.4.2
 Powder conductivity: .......................................................................................... 117 5.4.3
 Cyclic Voltammetry ............................................................................................. 119 5.4.4
 Effect of calcination temperature ....................................................................... 123 5.4.5
 Stability of the catalyst ........................................................................................ 125 5.4.6
 MEA performance ............................................................................................... 126 5.4.7
 IrxNb1-xO2 catalyst ................................................................................................... 129 5.5
 Structure and morphology .................................................................................. 129 5.5.1
 Powder conductivity ........................................................................................... 131 5.5.2
 MEA performance ............................................................................................... 132 5.5.3
 Conclusion ............................................................................................................... 134 5.6
6 Chapter 6. Preliminary investigation of organic acids doped PBI membrane ... 136 
 Introduction ............................................................................................................. 136 6.1
 Alternate acid to Phosphoric acid ....................................................................... 138 6.1.1
 Experimental ............................................................................................................ 140 6.2
 Doping of the membrane .................................................................................... 141 6.2.1
 Results and Discussions ........................................................................................... 141 6.3
 Benzene sulfonic acid .......................................................................................... 143 6.3.1
 Benzoic acid ......................................................................................................... 144 6.3.2
 Phosphonoacetic acid ......................................................................................... 145 6.3.3
 ix 
 
ix Table of contents 
 Conclusion: .............................................................................................................. 146 6.4
7 Conclusion and future work ........................................................................... 148 
 Conclusion ............................................................................................................... 148 7.1
 Recommendation for future work........................................................................... 149 7.2
8 Appendix ...................................................................................................... 151 
 Crystallite size calculation by Scherrer equation from XRD .................................... 151 8.1
 Conductivity measurement ..................................................................................... 151 8.2
 Cell efficiency calculation ........................................................................................ 152 8.3
 Energy consumption for H2 production ................................................................... 153 8.4
 Final state screening ................................................................................................ 154 8.5
 Calculation of acid doping level in the membrane .................................................. 155 8.6
 Some major electrolyser manufactures .................................................................. 156 8.7
9 List of publications ........................................................................................ 157 
 Peer-reviewed publications ..................................................................................... 157 9.1
 Conference presentations ....................................................................................... 157 9.2
10 References .................................................................................................... 158 
 
 x 
 
x List of Figures 
List of Figures 
Figure 1-1. Concept of hydrogen economy [7]. Reproduced with permission from John Wiley 
and Sons. ....................................................................................................................................... 2 
Figure 1-2. Cell potential for H2 production as a function of temperature [11]. ........................ 10 
Figure 1-3. Schematic of alkaline water electrolyser. ................................................................. 13 
Figure 1-4. Schematic of solid oxide water electrolysis cell for the electrolysis of steam. ........ 14 
Figure 1-5. Schematic of PEM water electrolyser ....................................................................... 16 
Figure 1-6. Schematic of redox reaction of water [56]. Reproduced with permission from John 
Wiley & Sons,Inc. ........................................................................................................................ 18 
Figure 1-7. Electrocatalytic activity of oxygen evolution reacion on various oxides as a function 
of  enthalpy of                          transition(●) acid solution and (○) alkaline 
solution  [62]. Reproduced with permission from Elsevier. ....................................................... 20 
Figure 1-8. Volcano plot of exchange current density for the HER vs. the M-H bond strength 
[78]. Reproduced with permission from Elsevier. ...................................................................... 22 
Figure 2-1. Schematic of the Adams fusion method for the synthesis of metal oxide. .............. 26 
Figure 2-2. Schematic of the hydrolysis method for the synthesis of metal oxide. ................... 28 
Figure 2-3. Bragg’s reflection from a set of hkl crystal planes. ................................................... 29 
Figure 2-4. Schematic of the cross section of sealed-off filament x-ray tube [106]. .................. 30 
Figure 2-5. Basic instrumental set up of XRD. ............................................................................. 30 
Figure 2-6. Schematic of the electron transition in XPS analysis. ............................................... 32 
Figure 2-7. Various effect of electron bombardment on the sample and characterization 
technique associated with it [109] . ............................................................................................ 34 
Figure 2-8. Depth profile in a sample where characteristic interaction occur with the electron 
beam. .......................................................................................................................................... 34 
Figure 2-9. Schematic of the powder conductivity cell. (1) insulator cover (2) copper piston (3) 
powder sample (4) plastic (5) thickness display on micrometre. ............................................... 37 
Figure 2-10. The powder conductivity cell. ................................................................................. 38 
Figure 2-11.  Typical CV curve for a Pt electrode in 0.5 M H2SO4 solution. The potential is wrt. 
mercury sulphate reference electrode (MSE) (0.64 V wrt. NHE) [121]. ..................................... 41 
Figure 2-12. Typical CV of (a) IrO2 (b) RuO2 in 0.5M H2SO4 solution [91]. .................................. 43 
Figure 2-13. The Ta working electrode fabricated in-house. ...................................................... 44 
Figure 2-14. The catalyst coated Nafion-115 membrane obtained by spraying method. .......... 44 
Figure 2-15. The cell used for MEA analysis (a) stainless steel electrolyser cell (4 cm2) and 
titanium porous sinter (b) titanium cell with gold coated flow field (1 cm2). ............................ 45 
Figure 2-16. Schematic of PEM water electrolyser set up for MEA analysis. ............................. 46 
Figure 2-17. Schematic diagram of two point probe technique for the measurement of in-plane 
membrane conductivity [146]. ................................................................................................... 47 
Figure 2-18. The conductivity cell used to measure the conductivity of the membrane. .......... 47 
Figure 2-19.Conductivity cell arrangement for measuring the conductivity of membrane. ....... 48 
 xi 
 
xi List of Figures 
Figure 3-1. TGA of some of the common commercial support materials. ................................. 56 
Figure 3-2. Thickness (l) vs. resistance (R) plot of (a) IrO2 and (b) 60% IrO2-ATO. ...................... 57 
Figure 3-3. Schematic of breakdown of electron conduction path due to the partial coverage of 
the support. ................................................................................................................................ 58 
Figure 3-4. Conductivity of the IrO2-ATO catalyst with respect to the IrO2 loading. .................. 58 
Figure 3-5. XRD spectra of (a) ATO support and (b) unsupported IrO2. ..................................... 60 
Figure 3-6. XRD spectra of 60% IrO2-ATO showing characteristic peaks of IrO2 and SnO2. ........ 60 
Figure 3-7. XRD of IrO2-ATO at different IrO2 loading. ................................................................ 61 
Figure 3-8. Representative example of the peak fitting of the XRD peak. ................................. 62 
Figure 3-9. Average crystallite sizes of IrO2 and ATO in IrO2-ATO catalysts calculated from the 
XRD using the Scherrer equation. ............................................................................................... 63 
Figure 3-10. BET surface area of the IrO2-ATO catalyst with respect to IrO2 wt.%. .................... 65 
Figure 3-11.  XPS survey spectra of 80% IrO2-ATO. ..................................................................... 67 
Figure 3-12. XPS survey spectra of various IrO2-ATO catalysts. .................................................. 67 
Figure 3-13. XPS spectra of the Sn 3d narrow scans of IrO2-ATO catalyst. ................................. 68 
Figure 3-14. A typical Ir 4f narrow scan XPS spectra of IrO2-ATO catalysts. ............................... 69 
Figure 3-15. SEM picture of IrO2-ATO catalyst (a) IrO2 (b) 80% IrO2-ATO (c) 60% IrO2-ATO (d) 
40% IrO2-ATO (e) 20% IrO2-ATO (f) ATO. .................................................................................... 69 
Figure 3-16. TEM images of (a) 90% IrO2-ATO (b) 40% IrO2-ATO. ............................................... 70 
Figure 3-17. CV of IrO2 in 0.5M H2SO4 at room temperature. .................................................... 71 
Figure 3-18. CV of IrO2 with respect to scan rate in 85% H3PO4 at room temperature. Inset 
shows the linear relation between the current density vs. scan rate at 0.38 V. ........................ 72 
Figure 3-19. CV of ATO support in 85% H3PO4 at room temperature......................................... 72 
Figure 3-20. CV comparison of ATO with 20% IrO2-ATO and 40% IrO2-ATO in 85% H3PO4 at room 
temperature. ............................................................................................................................... 73 
Figure 3-21. Peak current (~0.75 V) vs. scan rate plot of pristine IrO2 in 85% H3PO4 at room 
temperature. ............................................................................................................................... 75 
Figure 3-22. CV of IrO2-ATO with different IrO2 composition in 85% H3PO4 at room temperature 
and scan rate 20 mVs-1. ............................................................................................................... 75 
Figure 3-23. CV at different temperature in 85% H3PO4 for (a) IrO2 (b) 80% IrO2-ATO (c) 60% 
IrO2-ATO (d) 40% IrO2-ATO. ........................................................................................................ 78 
Figure 3-24. Voltammetric charge (q*) with respect to temperature of IrO2-ATO catalysts at 
20mV s-1. q* is the voltammetric charge at the specific temperature and     is the 
voltammetric charge at room temperature. .............................................................................. 78 
Figure 3-25. CV of 80% IrO2-ATO with respect to temperature using the cell with external jacket 
and heated using pre heated oil. ................................................................................................ 79 
Figure 3-26. Voltammetric charge with respect to temperature for 80% IrO2-ATO using the cell 
with an external jacket and heated using pre heated oil. .......................................................... 79 
Figure 3-27. Effect of temperature on the MEA polarisation of IrO2 anode. Nafion-115 
membrane, Pt/C (20%) cathode. Temperature 80oC and ambient pressure. ............................ 81 
 xii 
 
xii List of Figures 
Figure 3-28. MEA polarisation of IrO2-ATO catalyst at 80
oC (Nafion® -115 membrane, Pt/C (20 
wt.%) cathode). ........................................................................................................................... 83 
Figure 4-1. XRD spectra of IrO2 prepared and ITO commercial. ................................................. 89 
Figure 4-2.  XRD spectra of 60% IrO2-ITO showing the characteristic peaks of IrO2 and In2O3. . 90 
Figure 4-3. XRD spectra of IrO2-ITO at various IrO2 loading. ....................................................... 90 
Figure 4-4. SEM micrograph of (a) IrO2 (b) 60% IrO2-ITO (c) 40% IrO2-ITO (d) 20% IrO2-ITO. ..... 92 
Figure 4-5. TEM images of (a) IrO2 (b) 90% IrO2-ITO (c) 60% IrO2-ITO. ....................................... 93 
Figure 4-6. Resistance vs. thickness plots of the IrO2-ITO catalyst powder. ............................... 94 
Figure 4-7. BET surface area of the supported catalyst with respect to the IrO2 loading. ......... 95 
Figure 4-8. CV of IrO2-ITO catalyst at room temperature in 85% H3PO4 solution (Scan rate 20 
mV s-1). ........................................................................................................................................ 97 
Figure 4-9. MEA polarisation of IrO2-ITO and 60% IrO2-TiO2 catalysts at 80
oC. Nafion-115 
membrane, Pt/C (20 wt.%) cathode. .......................................................................................... 99 
Figure 4-10. XRD spectra of 60% IrO2-TiO2. .............................................................................. 101 
Figure 5-1. XRD spectra of Ru0.6Nb0.4O2(A) showing the characteristic peaks of Ru and Nb oxide.
 .................................................................................................................................................. 108 
Figure 5-2. XRD spectra of RuxNb1-xO2 (A) with respect to composition. .................................. 109 
Figure 5-3. XRD spectra of Ru0.8Nb0.2O2 prepared by the Adams fusion method at different 
calcination temperatures.(=RuO2,= NaNb). ........................................................................ 110 
Figure 5-4. XRD spectra of RuxNb1-xO2 (H) with different x values. ........................................... 112 
Figure 5-5. XRD spectra of Ru0.8Nb0.2O2 catalyst prepared by the Adams fusion method (at 
400oC and 500oC calcination temperature) and hydrolysis method (400oC calcination 
temperature)............................................................................................................................. 114 
Figure 5-6. SEM picture of (a) RuO2(A) (b) Ru0.8Nb0.2O2(A) (c) RuO2(H) (d) Ru0.8Nb0.2O2(H) 
(magnification 50×k). ................................................................................................................ 115 
Figure 5-7. SEM picture of Ru0.8Nb0.2O2(A) with different calcination temperature (a) 400
oC (b) 
450oC (c) 500oC (d) 550oC. ......................................................................................................... 116 
Figure 5-8. EDX spectra of Ru0.6Nb0.4O2(A). Inset shows Ru mol% of the various catalyst 
prepared. .................................................................................................................................. 116 
Figure 5-9. Powder conductivity of RuxNb1-xO2 catalyst as a function of composition prepared 
by the Adams and the hydrolysis method. Inset shows the thickness vs.resistance plot for 
RuO2(H). .................................................................................................................................... 118 
Figure 5-10. Powder conductivity of Ru0.8Nb0.2O2(A) as a function of calcination temperature.
 .................................................................................................................................................. 119 
Figure 5-11.CV RuxNb1-xO2(A) with respect to scan rate (a) RuO2 (b) Ru0.8Nb0.2O2 (c)Ru0.6Nb0.4O2 
(d) Ru0.4Nb0.6O2 at different scan rate in 0.5M H2SO4 . ............................................................. 120 
Figure 5-12. CV of RuxNb1-xO2 (H) at 20 mV s
-1.(a) RuO2 (b) Ru0.8Nb0.2O2 (c) Ru0.6Nb0.4O2 (d) 
Ru0.4Nb0.6O2................................................................................................................................ 122 
Figure 5-13. Voltammetric charge (q*) of RuxNb1-xO2 prepared by both the Adams and the 
hydrolysis method. Calculated from CV @20mV s-1 scan rate. ................................................ 123 
Figure 5-14. CV of Ru0.8Nb0.2O2(A) calcined at different temperature at 20 mV s
-1 in 0.5M H2SO4.
 .................................................................................................................................................. 124 
 xiii 
 
xiii List of Figures 
Figure 5-15. Voltammetric charge of Ru0.8Nb0.2O2(A) calcined at different temperature 
calculated from the CV in 0.5M H2SO4 at 20 mV s
-1. ................................................................. 124 
Figure 5-16. Stability of the catalysts (a) RuO2(A) (b) Ru0.8Nb0.2O2(A) (c) RuO2(H) (d) 
Ru0.8Nb0.2O2(H) at scan rate of 50 mVs
-1 for 600 cycles. ........................................................... 125 
Figure 5-17. MEA performance of RuxNb1-xO2 (A) and RuxNb1-xO2 (H) at 80
oC. Nafion®-115 
membrane, Pt/C(40%) cathode. ............................................................................................... 126 
Figure 5-18. MEA stability test of RuO2(A) and Ru0.8Nb0.2O2(A) at 1 Acm
-2 and 80oC for 24 hr. 
Nafion®-115 membrane, Pt/C(40%) cathode. ........................................................................... 127 
Figure 5-19. XRD spectra of IrxNb1-xO2(H) catalyst. ................................................................... 130 
Figure 5-20. SEM images of (a) IrO2(H) (b) Ir0.8Nb0.2O2(H). ........................................................ 130 
Figure 5-21. EDX spectra of Ir0.8Nb0.2O2 (H). Inset gives the Ir mol% obtained for various IrxNb1-
xO2(H) catalyst. .......................................................................................................................... 131 
Figure 5-22. MEA analysis of IrO2(H) and Ir0.8Nb0.2O2(H) at 80
oC. Nafion-115 membrane, 
Pt/C(40%) cathode. ................................................................................................................... 132 
Figure 5-23. MEA stability test of IrO2(H)  and Ir0.8Nb0.2O2(H) catalyst at 1 Acm
-2 current density 
and 80oC for 24 hr. Nafion®-115 membrane, Pt/C(40%) cathode. ............................................ 133 
Figure 6-1. Chemical structure of (a) Nafion [270] and (b) polybenzimidazole [266]. ............. 137 
Figure 6-2. Schematic of proton conduction in phosphoric acid doped PBI membrane. (a) PBI 
)(b) protonated PBI (c) proton transfer along acid-BI-acid (d) proton transfer along acid-acid (e) 
proton transfer along acid-H2O[266].(Reproduced by permission of The Electrochemical 
Society). ..................................................................................................................................... 138 
Figure 6-3. Conductivity of BSA doped PBI membrane at different temperatures. ................. 143 
Figure 6-4 Conductivity of 6.5M BA at different temperatures. ............................................... 144 
Figure 6-5. Conductivity of PAA doped PBI membrane with respect to temperature. PBI doped 
with 11.5M H3PO4 (PA) is also shown for comparison. ............................................................. 145 
Figure 8-1. Schematic of final state screening in XPS [291]. ..................................................... 155 
 
 xiv 
 
xiv List of Tables 
List of Tables 
Table 1-1.Comparison of different reforming technologies [12]. ................................................. 4 
Table 1-2. Major landmarks in the development of water electrolyser technology. ................... 6 
Table 1-3. Different types of water electrolyser and their specifications [53]. .......................... 17 
Table 1-4. Advantages and disadvantages of the three electrolyser systems [54]. ................... 17 
Table 1-5.Various OER mechanism pathways in acidic media and their corresponding tafel 
slopes [68, 70]. ............................................................................................................................ 21 
Table 1-6. The HER mechanism pathways in acid media and their corresponding tafel slopes 
[81, 82]. ....................................................................................................................................... 23 
Table 2-1.Comparison of double layer and pseudocapacitance [131, 133]. .............................. 42 
Table 3-1. Crystallite size of IrO2-ATO calculated using Scherrer equation. ............................... 63 
Table 3-2. Physical properties of IrO2-ATO catalyst with respect to IrO2 loading. 
# data from the 
manufacturer, * crystallite size of SnO2. ..................................................................................... 66 
Table 3-3. Ir composition in IrO2-ATO catalyst from the EDX analysis. ...................................... 70 
Table 3-4. Voltammetric charge of IrO2-ATO at room temperature in 85% H3PO4. Scan rate 20 
mV s-1 .......................................................................................................................................... 76 
Table 3-5. MEA performance of IrO2 anode catalyst at different temperature. ........................ 81 
Table 3-6. MEA performance of IrO2-ATO at various IrO2 loading at 80
oC. ................................ 83 
Table 4-1. Physical properties of the IrO2-ITO catalyst. 
* Values obtained from the supplier, # 
crystallite size of the support particle......................................................................................... 96 
Table 4-2. Voltammetric charge of IrO2-ITO at room temperature in 85% H3PO4...................... 98 
Table 4-3. MEA performance of IrO2-ITO catalyst. ................................................................... 101 
Table 5-1. Average crystallite size of RuO2 in RuxNb1-xO2 (A) calculated from the XRD. ........... 110 
Table 5-2. Average crystallite size of RuO2 in Ru0.8Nb0.2O2 (A) calcined at different temperature 
calculated from the XRD. .......................................................................................................... 111 
Table 5-3. Average crystallite size of RuO2 in RuxNb1-xO2 (H) calculated using the Scherrer 
equation from the XRD. ............................................................................................................ 113 
Table 5-4. Powder conductivity and crystallite size of the IrxNb1-xO2(H) catalyst. .................... 131 
Table 5-5.MEA performance comparison of various MEA at 80oC. .......................................... 134 
Table 6-1. Properties of organic acids studied as membrane dopant. ..................................... 142 
Table 6-2. Organic acids studied as dopants for PBI membrane and their doping conditions. 142 
Table 8-1. Some of the major commercial electrolyser manufacturers and their hydrogen 
production specifications. ......................................................................................................... 156 
 
 xv 
 
xv Symbols 
Symbols 
Symbol Explanation Section 
   Anodic over potential 1.4 
   Cathodic over potential 1.4 
          Faradaic efficiency of electrolysis 1.4 
         Thermal efficiency of electrolysis 1.4 
  Transfer coefficient 1.4 
   Anodic current 1.4 
   Cathodic current 1.4 
   Exchange current density 1.4 
dhkl Spacing between the lattice plane 2.2.1 
θ Peak position in XRD 2.2.1 
λ Wavelength of X-ray 2.2.1 
β Full width at half maximum 2.2.1 
K Shape factor of XRD spectral line 2.2.1 
h Planks constant 2.2.2 
υ Frequency of electromagnetic radiation 2.2.2 
ϕ Work function of the XPS instrument 2.2.2 
ρ Resistivity of the powder sample 2.3.1 
σ Conductivity of the powder sample/membrane 2.3.1/2.3.4 
ip Peak current in CV 2.3.2 
D Diffusion coefficient of the reactants 2.3.2 
υ Scan rate of CV  2.3.2 
n No of electrons transferred in the reaction 2.3.2 
C Capacitance 2.3.2 
   Pseudo-capacitance 2.3.2 
    Double-layer capacitance 2.3.2 
q* Voltammetric charge  2.3.2 
 xvi 
 
xvi Abbreviations 
Abbreviations  
Abbreviation  Explanation 
ATO  Antimony doped tin oxide 
AWE  Alkaline water electrolyser 
BA  Benzoic acid 
BET  Brunauer-Emmet-Teller 
BP  Boiling point 
BSA  Benzene sulfonic acid 
CCM  Catalyst coated membrane 
CE  Counter electrode 
CV  Cyclic voltammetry 
DI water  De-ionised water 
DMAc  Di-methyl acetamide 
DMF  Di-methyl formamide 
DSA  Dimensionally stable anode 
EDX  Energy dispersive X-ray 
HER  Hydrogen evolution reaction 
HHV  High heating value of hydrogen 
HOR  Hydrogen oxidation reaction 
IP  Isopropanol 
ITO  Indium tin oxide 
LCD  Liquid crystal display 
LHV  Low heating value of hydrogen 
MEA  Membrane electrode assembly 
MP  Melting point 
MW   Molecular weight 
OER  Oxygen evolution reaction 
ORR  Oxygen reduction reaction 
PA  Phosphoric acid 
PAA  Phosphonoacetic acid 
PAFC  Phosphoric acid fuel cell 
 xvii 
 
xvii  
PEMWE  Proton exchange membrane water electrolyser 
PVD  Physical vapour deposition 
RE  Reference electrode 
SEM  Scanning electron microscopy 
SOWE  Solid oxide water electrolyser 
SPE  Solid proton exchange membrane 
STP  Standard temperature and pressure 
TEM  Transmission electron microscopy 
TFMSA  Tri fluoro methane sulfonic acid 
TGA  Thermo gravimetric analysis 
WE  Working electrode 
XPS  X-ray photoelectron spectroscopy 
XRD  X-ray diffraction 
YSZ  Yttria stabilised zirconia 
 1 
 
1 Chapter-1. Introduction and objective 
1 Chapter-1. Introduction and objective 
 Hydrogen economy 1.1
Current energy demand of the world is mostly satisfied by fossil fuels. Fossil fuels are 
being burnt in order to use its energy content and a large portion of it is released to the 
atmosphere as waste heat making the process less efficient [1]. There are serious 
environmental consequences of fossil fuel combustion due to the greenhouse gas 
emissions such as COx, NOx, SOx, CnHm, ashes etc. [1, 2]. The global CO2 emission has 
increased to about 30% after the industrial revolution due to the extensive use of fossil 
fuels [3]. Global petroleum reserves are also declining drastically and they are found 
only in certain parts of planet [1]. On the other hand, growth in the global population 
and industrial development, points towards high energy demand. This has led to the 
search for renewable energy sources such as wind energy, tidal energy, solar energy and 
geothermal energy as a possible alternate to fossil fuel based energy. One of the 
disadvantages with the renewable energy is that they have to match the supply with the 
demand and therefore energy storage is essential [4]. Batteries are one option for energy 
storage, however high cost for large storage requirements and loss of charge over time 
are the disadvantages of battery storage [4]. Hydrogen has been proposed as a suitable 
energy storage medium. Hydrogen (H2) is one of the cleanest fuels available and emits 
nothing but only water on combustion. Hydrogen is proposed to play an important role 
in the future energy scenario to form a sustainable energy carrier [1, 2, 5]. 
H2 is one of the lightest, simplest and most abundant elements in nature. However, it is 
invariably connected with other elements (mainly with carbon and oxygen) as different 
compounds and energy has to be applied to produce the molecular H2. Hydrocarbons 
and water are the two major sources of H2 on earth. Current H2 production is mainly 
dominated by reforming hydrocarbons which have drawbacks as mentioned before. 
Electrolysis of water on the other hand is one of the most sustainable ways of hydrogen 
production when electricity from the renewable energy is used. However, currently only 
4% of H2 is produced by water electrolysis [6]. Hydrogen electrolysis generally uses 
electricity from the power grids which is produced by fossil fuel combustion, making 
the process expensive and eco-hostile. Using renewable energy as electricity instead of 
fossil fuel based electricity is the way towards a green and eco-friendly electrolytic 
hydrogen production. Whenever excess electricity is available from renewable energy 
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sources, it can be converted to H2 by electrolysis and can be stored for further use. 
When electricity is not available, the so produced H2 can be used in a fuel cell (which 
convert chemical energy of hydrogen to electrical energy) to generate electricity. This 
whole concept of energy cycle is known as hydrogen economy as given in Figure 1-1 
[5, 7]. However such scenario requires large scale hydrogen production by water 
electrolysis in a sustainable way and the technology should be energy efficient and 
inexpensive. 
 
Figure 1-1. Concept of hydrogen economy [7]. Reproduced with permission from John 
Wiley and Sons. 
Since the electrolytically produced hydrogen is much expensive than that derived from 
fossil fuels, electrolytic hydrogen is used only in very few areas such as food industry 
and electronics-semiconductor industry [8]. 
 Hydrogen production. 1.2
Hydrogen is not a natural source like petroleum and so energy such as heat or electricity 
has to be applied to get molecular hydrogen [9]. H2 is thus an energy carrier/energy 
storage medium like electricity but do not contain carbon and generate little or no 
pollutants at the point of use [9, 10]. Even though there is a need for hydrogen for 
various industries such as petroleum refining, ammonia production, metal refining, the 
current industrial hydrogen production is limited to steam reforming of natural gas and 
petroleum [11]. Hydrogen production mainly falls into three categories; thermal 
process, electrolytic process and photolytic process [12]. 
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 Thermal process of hydrogen production 1.2.1
Thermal process is the conventional and widely used method for the production of 
hydrogen known as reforming. Approximately 96% of the global hydrogen is produced 
by reforming. Fossil fuel is burnt to produce hydrogen in this process. The fossil fuel 
can be natural gas, coal or oil. Reforming produces a gas stream composed of mainly 
hydrogen, carbon dioxide and carbon monoxide. There are 3 major reforming process 
for H2 production - steam reforming (SR), partial oxidation (POX) and auto thermal 
reforming (ATR) [12, 13]. The general reaction for these processes are given in the 
equation (1-1) to (1-3) [12].  
SR                  
 
 
     (1-1) 
POX      
 
 
        
 
 
   (1-2) 
ATR      
 
 
     
 
 
         
 
 
  
 
 
     (1-3) 
SR is the most widely used technology. It has advantages of high efficiency and lower 
operational and product cost [13]. SR does not require oxygen and has low operating 
temperature than ATR and POX, and have a high H2/CO ratio [12]. SR is a two stage 
process. In the first stage the hydrocarbon is reacted with steam in the presence of 
catalyst (Ni oxide based) to form syn gas (CO + H2). In the second stage, the CO 
produced is reacted with steam to form CO2 and H2 (water gas shift reaction) in the 
presence of an active copper catalyst as given in equation (1-4) increasing the overall H2 
yield [13, 14]. 
               (1-4) 
POX converts hydrocarbon to hydrogen by partial oxidation with oxygen. It is a non-
catalytic process and in comparison to SR, more CO is produced [13]. ATR is also 
similar to POX with an addition of steam. The heat from POX reduces the need for an 
external heat source [13]. The three processes are compared in Table 1-1. The current 
major contributor to H2 production are the steam reforming of natural gas (~ 48%), coal 
(30%) and oil (~ 18%) [1, 6]. Since all three processes produce large amount of CO, it is 
an eco-hostile and non-sustainable process. 
 4 
 
4 Chapter-1. Introduction and objective 
Pyrolysis involves the heating of organic material at a temperature of 500-900
o
C in the 
absence of oxygen and air to give H2 as given in equation (1-5) [12]. Since no oxygen is 
used, the emission of CO and CO2 is negligible in this process. 
         
 
 
    (1-5) 
Coal gasification is another method where coal is heated up to 1800
o
C with an oxidant 
to produce syngas. The syngas is then subjected to water gas shift reaction to get H2 
[14]. 
Table 1-1.Comparison of different reforming technologies [12]. 
Technology Advantage Disadvantage 
Steam 
reforming 
Most extensive industrial experience, 
Oxygen not required 
Lowest process temperature 
Best H2/CO ratio for H2 production 
Highest air emissions 
 
Partial 
oxidation 
Lower process temperature than POX 
Low methane slip 
Limited commercial experience 
Requires air or oxygen 
Auto 
thermal 
reforming 
Decreased desulfurization requirement 
No catalyst required 
Low methane slip 
Low H2/CO ratio 
Very high processing 
temperatures 
Soot formation/handling adds 
process complexity 
 Photolytic hydrogen production 1.2.2
Photoelectrolysis uses semiconductor photo electrodes to absorb sunlight and produce 
the necessary voltage for the decomposition of water to H2 and O2 [12, 13, 15, 16]. 
Currently it is the most effective way to produce hydrogen from renewable energy 
sources. However the overall efficiency of the process is still lower than other hydrogen 
production methods. To achieve low-cost and efficient solar hydrogen energy 
production requires development of innovative materials, emerging physical 
phenomena, novel synthetic techniques and entirely new design concepts [9]. 
 Electrolytic hydrogen production 1.2.3
About 96% of hydrogen currently produced by hydrocarbon reforming as mentioned 
before which produce greenhouse gases like CO and CO2 [12]. Although several 
technologies have been used to produce hydrogen, water electrolyser is the most 
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sustainable one when electricity from renewable sources like wind energy and solar 
energy are used [1, 5, 14, 17, 18]. Currently water electrolysis contributes only 4% of 
overall hydrogen production [19, 20] and are mainly used for applications where large 
scale H2 production is not possible and pure H2 is required, such as marine, rockets, 
space crafts, electronic and food industries [11]. Water electrolysis has the advantages 
such as no carbon emission, very pure hydrogen, no dependence on hydrocarbon 
sources, simple small scale/real time hydrogen supply, utilisation of renewable primary 
energy sources, storage of renewable primary energy sources and pure oxygen as by-
product [21]. The production cost of hydrogen to a large extent is affected by electric 
power consumption, which can be about 70% of the total H2 production costs [22]. 
Overall efficiency improvement as well as cost reduction has to be achieved to make 
water electrolyser commercially viable. 
 History of water electrolysis 1.3
History of water electrolysis dates back to the discovery of hydrogen. British Scientist 
Henry Cavendish (1731-1810) first proposed the presence of an ‘inflammable gas’ in 
the air. He produced hydrogen by the reaction of zinc metal with hydrochloric acid and 
also proved that hydrogen is much lighter than the air. In 1783 Jacques Alexander 
Charles first launched the hydrogen balloon and flew at an altitude of 3 km. In 1785, 
Lavoisier repeated Cavendish’s experiments and proved that water is not an element but 
a compound composed of H2 and O2. He produced H2 and O2 from water by heating it 
in a copper tube. Lavoisier coined the name hydrogen from two Greek word hydro 
(water) and genes (born of). Because of the lack of current sources, early year’s 
hydrogen was produced by the reaction of metal with acid. The first application of 
hydrogen was not as fuel, but for hot air balloon [23, 24]. 
In 1800, William Nicholson and Anthony Carlisle first electrolysed water to produce 
hydrogen and oxygen. Water was the first substance to be electrolysed. In 1845 William 
Grove first demonstrated the concept of fuel cell to produce electricity from hydrogen 
and oxygen and is considered as the ‘father of the fuel cell’. By 1902 more than 400 
industrial water electrolyser were in operation and in 1939 the first large water 
electrolysis plant with a capacity of 10,000 Nm
3
H2h
-1
 went into operation and in 1948 
the first pressurized industrial electrolyser by Zdansky/Lonza was built [25]. The year 
1920-1970 are known as the “golden period” for water electrolyser technology as most 
of the traditional electrolyser design were introduced in this stage [11]. After the energy 
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crisis in 1970’s hydrogen was proposed as promising alternate fuel and water 
electrolyser received immense interest and significant researches were dedicated to 
improve the efficiency of the electrolytic hydrogen production [11]. The major 
landmarks in the development of electrolyser are tabulated in Table 1-2 [23, 24]. Major 
commercial electrolyser manufacturers and their hydrogen production capacity are 
given in appendix 8.7. 
Table 1-2. Major landmarks in the development of water electrolyser technology. 
Year Landmark event Reference 
1766 Discovery of hydrogen by Cavendish [23] 
1785 H2 and O2 separated from water by chemical reaction by Lavoisier [23] 
1800 Nicholson and Carlisle discovered electrolysis of water [25] 
1920 Several large 100 MW size plants were built [11, 25] 
1939 
First large electrolysis plant went into operation 
-capacity 10,000 Nm
3
H2h
-1
 
[25] 
1948 First pressurised electrolyser plant was built by Zdansky/Lonza [11, 26] 
1966 First SPE electrolyser was built by General Electric [11, 25] 
1970 First solid oxide water electrolyser [11, 25] 
1980s 
Aswan installed electrolyser with 162 MW capacity and hydrogen 
generation capacity of 32,400 m
3
h
-1
 
[26] 
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 Theory of water electrolysis 1.4
A water electrolyser is a device which converts electrical energy to chemical energy 
which is achieved by passing current through water. Since water is a very stable 
compound, splitting of water requires a supply of energy. The total energy required to 
split water molecule is given by the enthalpy of formation of water (  ).  
At standard temperature and pressure, STP (298.15 K and 1 atm pressure), the enthalpy 
change,                  based on the higher heating value of hydrogen (HHV) as 
given by equation (1-6), free energy change,                    and entropy 
change,                      [27]. If steam is used instead of liquid water, lower 
heating value (LHV) of hydrogen should be used. i.e.             (equation (1-7)) 
[28]. 
        
 
 
               
              (1-6) 
        
 
 
               
              (1-7) 
The difference between HHV and LHV is due to the enthalpy of vaporisation of water. 
For all chemical reaction a part of energy will be used for entropy change (  ) which is 
related to the free energy change of reaction and enthalpy by the equation (1-8). 
           
(1-8) 
The difference between enthalpy change and free energy change gives the entropy 
change term ( ST ) [29]. 
                                    
(1-9) 
i.e.            of energy will be used for entropy change during water splitting at 
STP. This energy will be spontaneously absorbed from the surroundings. So the total 
energy need to supply as electricity is      (           
  ) (equation (1-10)). 
                                         
 
 
   
(1-10) 
At STP, the amount of electricity required to split water is given by the equation (1-11). 
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 (1-11) 
Where    is equilibrium or reversible cell potential (the minimum voltage required to 
split water) which is obtained by subtracting the equilibrium potential of anode and 
cathode reaction (equation (1-12)),   is the number of electrons transferred per mole of 
H2 (n = 2),   is the faradays constant (             . Substituting the respective 
values in equation (1-11), a potential of 1.23 V is obtained (equation (1-13)). 
          
          
  (1-12) 
    
             
              
        (1-13) 
In an isolated system, it is necessary to apply thermo-neutral potential (   
 
) of 1.48 V in 
order to satisfy the thermodynamic requirement [29] as given by equation (1-14). 
    
  
  
  
 
             
              
        (1-14) 
i.e. at potential of 1.48 V, no heat exchange occur with the surroundings (thus the term 
thermoneutral). Below and above 1.48 V the reaction will be endothermic and 
exothermic respectively (Figure 1-2). Since most real electrolyser operate at potential 
greater than the    
 , an excess of heat is always produced in the cell which heats up the 
cell. The dependence of reversible potential (    ) on temperature without the pressure 
effect can be written as in (1-15) [30-34]. 
                      
                                 (1-15) 
The efficiency of the water electrolyser is defined as the ratio of the total energy input to 
the total energy output [35]. The energy input can either be taken the free energy change 
of the reaction (  ) or as the enthalpy change of the reaction (  ) and thus two 
efficiency terms are defined such as faradaic efficiency (          ) and thermal 
efficiency (        ) respectively [11, 26]. The two efficiency terms can be defined as 
in equation (1-16) and (1-17) where       is the cell voltage,     and     are the 
reversible cell voltage and thermo neutral voltage respectively [11]. 
            
   
     
 (1-16) 
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 (1-17) 
At 25
o
C, the efficiencies can be written as in (1-18) and (1-19). 
           
      
     
 (1-18) 
          
      
     
 (1-19) 
When a current is passed through an electrolysis cell to produce hydrogen, the cell 
voltage increase with resepct to      due to the irreversibilities such as over potential 
for the electrode reaction and ohmic resistance losses. The electrolysis cell voltage thus 
can be attributed to addition of various voltage losses occur in the cell as given in (1-20) 
[27]. 
                           (1-20) 
Where      is the thermodynamic reversible cell potential,      is the voltage loss due 
to the various ohmic resistance (electrode,electrolyte,current collectors, interconnections 
etc.) to the electron flow.      varies linearly with the current flowing through the cell. 
     is the activation overvoltage due to the electrode kinetics (activation energy 
required for the reaction to occur).      is the concentration overpotential caused by the 
mass transport processes (convection and diffusion). Transport limitation reduces the 
reactant concentration at the electrode/electrolyte interface. Usually      is much lower 
than that of      and      [27]. 
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Figure 1-2. Cell potential for H2 production as a function of temperature [11]. 
Reproduced with permission from Elsevier. 
 
For a general electrochemical reaction, 
         
(1-21) 
Gibbs free energy is given by equation (1-22) 
                      
   
   
 
(1-22) 
Where Q= reaction quotient, (at equilibrium Q=K, the equilibrium constant) 
Since    related to the potential by the equation (1-23), substituting in equation (1-22) 
gives Nernst equation for the reaction as given in (1-24). 
         (1-23) 
       
      
   
   
 (1-24) 
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At equilibrium, anodic current    and cathodic current    are equal in magnitude and is 
called exchange current density   . At potential different from     , the current can be 
calculated by using butler-volmer equation (1-25) [36]. 
     {   (
      
  
)      (
         
  
)} (1-25) 
Where   is the current,    is the exchange current density,   is the transfer coefficient, n 
is the number of electron transferred and    and    are the anodic and cathodic over 
potentials respectively. The transfer coefficient may be regarded as the fraction of over 
potential that leads to a change in the rate constant for the electron transfer and in 
general the value is taken as 0.5 [26]. At equilibrium condition (   ), butler-volmer 
equation reduces to Nernst equation [36]. 
Tafel slopes are derived from butler-volmer equation by considering anodic and 
cathodic current as negligible at high over potential for the cathodic and anodic reaction 
respectively [36]. 
   
       
       
    
  
  
      
  
  
 (1-26) 
   
       
   
   
  
  
      
  
  
 (1-27) 
Where (1-26) is the cathodic tafel equation and (1-27) is the anodic tafel equation. The 
slope of the linear plot between   and       is called tafel slope (   and   ). The rate 
determining step of the reaction pathway can be determined from the tafel slope 
calculation (Table 1-5). More detailed discussion on the thermodynamics and kinetics 
of water electrolysis are available in literature [26, 30, 31, 35, 37, 38]. 
 Types of water electrolysers 1.5
 Depending upon the electrolyte used in the system, there are three main types of 
electrolysers (i) alkaline water electrolyser (AWE) (ii) solid oxide water electrolyser 
(SOWE) and (iii) proton exchange membrane water electrolyser (PEMWE).  
 Alkaline water electrolyser 1.5.1
Hydrogen production by alkaline electrolysis is a commercially well-established 
technology. Traditional alkaline electrolysers are based on the liquid alkaline 
electrolyte. All standard commercial alkaline electrolyser uses 30 wt.% KOH as the 
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electrolyte (due to the high conductivity of this composition) and operate at a typical 
current density of  about < 0.4 A cm
-2
 at moderate temperature of 70-90
o
C with a cell 
voltage ranges from 1.85-2.2 V and conversion efficiencies range from 60-80% [27, 
39]. For high temperature >120
o
C, the electrolyte concentration may increase up to 40-
47 wt.% above which the electrolyte solidifies [39]. Considering the practical aspect of 
hydrogen economy a much higher current density is required. Ni and Co based oxides 
are used as the cathode and the anode electrode respectively. Normal steels are used as 
cell construction materials [39]. The key factors favouring the alkaline electrolyser are 
that it obviates the need for expensive platinum-based catalysts; it is well proven at 
large scale and is usually of lower unit cost than a PEM electrolyser. The schematic of 
alkaline electrolyser is given in Figure 1-3 and the reaction occurring is given by the 
equations (1-28), (1-29) and (1-30). 
Cathode        
        
                     (1-28) 
Anode      
 
 
         
                    (1-29) 
Net reaction     
 
 
        
                 (1-30) 
A limitation of the alkaline electrolyser is that temperature of operation is less than 
100
o
C in order to avoid a strong increase in alkali corrosion of electrodes [40]. KOH 
electrolyte may react with CO2 in the atmosphere to form carbonates and is a major 
drawback in an alkaline system. Conventional water electrolyser uses liquid alkaline 
solution, whereas an OH
-
 ion conducting membranes is used in modern alkaline 
electrolysers (lab scale) [29]. But the current density associated with such alkaline 
membranes are still low (max. 1 A cm
-2
) compared to Nafion
®
 [29]. Significant 
improvement is still required in the development of anion exchange membrane based 
electrolyser. 
 13 
 
13 Chapter-1. Introduction and objective 
 
Figure 1-3. Schematic of alkaline water electrolyser.  
 
 Solid oxide water electrolyser  1.5.2
Solid oxide water (steam) electrolyser (SOWE) operates at high temperature (600
o
-
900
o
C) range, which results in higher efficiency compared to alkaline and PEM water 
electrolysers. In solid oxide electrolyser steam is passed through the cathode side of the 
cell which split to form H2 and O
2-
 ion. The O
2-
 ion is passed through a ceramic 
electrolyte to the anode side and O2 is produced on the anode side as given by equations 
(1-31), (1-32) and (1-33). A schematic of SOWE is given in Figure 1-4. SOWE 
typically use yttria (Y2O3) stabilised zirconia (ZrO2) (YSZ) as a solid oxide electrolyte.  
Since water electrolysis is endothermic with increase in temperature, the electrical 
energy demand at high temperature is low as the unavoidable joule heat produced is 
used in the H2O splitting process [4]. However high heat demand, thermal stability of 
materials and sealing issues still remain a challenge. Also the requirement of additional 
facilities to separate the hydrogen from the steam makes the overall system expensive 
[27]. A review of recent development of solid oxide water electrolyser is available with 
Ma et al [41]. SOWE will be beneficial as part of a combined heat and power (CHP) 
generation as the excess heat generated from many industries can be utilized in SOWE 
[42].  
 14 
 
14 Chapter-1. Introduction and objective 
Cathode       
      
   (1-31) 
Anode     
 
 
     
  (1-32) 
Net reaction             (1-33) 
 
Figure 1-4. Schematic of solid oxide water electrolysis cell for the electrolysis of steam. 
 
 Proton exchange membrane water electrolyser 1.5.3
The introduction of per-fluorinated cation exchange membrane led to the development 
of PEMWE by General electric Co. in 1966 [17, 18, 43, 44] and it is considered as the 
most attractive and efficient method for the production of H2 from water at low 
temperature  [17]. PEMWE can operate at current density >1.5 A cm
-2
, quite higher than 
alkaline counterpart [27]. 
A PEMWE consists of an anode, cathode and electrolyte (proton conducting 
membrane). The anode and cathode are normally bonded to the membrane electrolyte 
and is called a membrane electrode assembly (MEA). De-ionised water (DI water) is 
supplied to the anode where it splits into proton, electron and oxygen in the presence of 
a catalyst. The proton moves through the proton exchange membrane (PEM) to the 
cathode and electrons through the external circuit. Proton accepts electrons from the 
cathode side to produce H2 whereas oxygen is evolved on the anode side [45, 46]. The 
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overall reaction is the splitting of 2 moles of water to produce 2 moles of H2 and one 
mole of oxygen as given in equation (1-34), (1-35) and (1-36). 
Anode        
       
  (1-34) 
Cathode             (1-35) 
Net reaction              (1-36) 
PEMWE has several advantages compared to the conventional alkaline electrolyser 
such as ecological cleanness, higher production rate, smaller mass to volume ratio, high 
power density, low power cost, high gas purity, and high level of safety [18]. Even 
though the working of PEMWE is just the reverse of proton exchange membrane fuel 
cell (PEMFC), commonly used  materials in PEMFC such as carbon catalyst support, 
porous electrode structures (carbon fibre paper or carbon cloth) and graphite bi-polar 
plates cannot be used on the anode side of a PEMWE due to their corrosion [46]. The 
early stage PEMWE had very short life span but the introduction of Nafion
®
 as PEM by 
DuPont has given higher lifetime to SPE electrolyser [44]. Nafion
®
 is a per-fluorinated 
acid membrane consisting of sulfonic acid end group with acidity similar to that of 10-
20 wt.% sulphuric acid solution [8, 47]. This acidic behaviour limits the use of only 
noble metal as the catalyst in PEM electrolyser, though it has the advantage of lower 
Ohmic resistance and compact design. However state of the art PEMWE has 
disadvantages such as high over-potential for oxygen evolution reaction (OER) and 
material component cost (PEM, bipolar plates and electrocatalysts). 
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Figure 1-5. Schematic of PEM water electrolyser  
The state of the art PEM water electrolyser operates at a temperature of 80
o
C due to the 
possible dehydration of the Nafion
®
 membrane at temperature ≥ 100oC at atmospheric 
pressure. Recently, high temperature operation of electrolyser is also getting interest due 
to the advantages such as fast electrode kinetics, lower thermodynamic voltage, better 
utilization of waste heat and simplification of the cooling system [48-51]. Highly 
corrosion resistant materials are required for high temperature electrolyser operation 
[52].  
Due to the poor efficiency and lower current density of commercial electrolyser, the 
cost of electrolytic H2 is very high and it is currently being used in very few industries 
such as semiconductor and food industries where a high purity H2 is required [8]. 
Current research in PEMWE is mainly focused on the development of (i) low cost 
membranes alternate to Nafion
®
 (ii) low cost, stable and active OER catalysts (iii) high 
temperature PEMWE (iv) alkaline anion exchange membrane water electrolyser. 
Different types of electrolyser components are summarised in Table 1-3 and the 
advantages and disadvantages of the three types of electrolysers are compared in Table 
1-4. 
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Table 1-3. Different types of water electrolyser and their specifications [53]. 
Type Alkaline Acid Polymer electrolyte Solid-oxide 
Charge carrier OH
-
 H
+
 H
+ 
O
2-
 
Reactant water water water water, CO2 
Electrolyte NaOH or KOH H2SO4 or H3PO4 Polymer (e.g.: Nafion) Ceramic 
Electrode Nickel Graphite with Pt, 
polymer 
Graphite with Pt, 
polymer 
Nickel, 
ceramics 
Temperature 80
o
C 150
o
C 80
o
C 850
o
C 
 
Table 1-4. Advantages and disadvantages of the three electrolyser systems [54]. 
Alkaline electrolyser PEM water electrolyser Solid oxide electrolyser 
Advantages 
Well established technology High current densities Efficiency up to 100% range 
Non-noble catalysts High voltage efficiencies Thermo neutral efficiency > 
100% with hot steam 
Long term stability Good partial load range Non-noble metal catalysts 
Relatively low cost Rapid system response High pressure operation 
Stacks in MW rang Compact system design  
Cost effective High gas purity  
 Dynamic operation  
Disadvantages 
Low current densities High cost of components Laboratory stage 
Cross over of gases(degree of 
purity) 
Acidic corrosive atmosphere Bulky system design 
Low partial load range Possibly low durability Durability (brittle ceramics) 
Low dynamics Noble metal catalysts No dependable cost 
information 
Low operational pressure Commercialisation  
Corrosive liquid electrolyte Stacks below MW range  
 
 18 
 
18 Chapter-1. Introduction and objective 
 Electrocatalysts for PEMWE 1.6
Even though the thermodynamic potential for water electrolysis is 1.23 V, the kinetics 
of the reaction restricts the reaction to happen at this potential. An extra potential called 
over potential has to be applied for the reaction to occur (Figure 1-6). The over potential 
depends on the catalytic material used. i.e. electrocatalyst has to be chosen in such a 
way to give low over potential [55]. Both hydrogen evolution reaction (HER) and 
oxygen evolution reaction (OER) requires catalyst for the respective reaction to occur. 
Since HER is faster than OER, most of the over-potential loss in PEM electrolyser 
occurs on the anode side. Catalysts used for hydrogen oxidation reaction (HOR) such as 
Pt black, carbon supported Pt are used on the cathode side for HER.  
 
Figure 1-6. Schematic of redox reaction of water [56]. Reproduced with permission 
from John Wiley & Sons,Inc. 
 
 Oxygen evolution reaction (OER) 1.6.1
Oxygen evolution occurs on noble metal catalyst (e.g: Pt, Au, Ir, Rh, Ru, Ag). But it 
was found that evolution occurs only at potential higher than the standard oxidation 
potential of metal/metal-oxide or lower metal-oxide/higher metal-oxide couple [57, 58]. 
i.e. oxygen evolution from a metal surface occurs only after the oxidation of the metal 
surface and related to metal/metal oxide couple [57]. Since metal-oxygen bond (M-O) is 
always stronger than oxygen-oxygen(O-O) bond, OER always takes place on an oxide 
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surface [58, 59]. So it has been concluded that metal oxides are more active for OER 
than metal [60]. Because of the acidic environment and high anode potential during 
water electrolysis in PEMWE, non-noble catalytic metals like Ni and Co cannot be used 
on the PEMWE anode due to the corrosion [61]. Pt is also not suitable on the anode due 
to the formation of non-conducting PtO film [43]. The electrocatalytic activity of the 
oxides to a first approximation can be expressed in terms of the bond strength between 
the intermediates and the catalyst surface [62]. During oxygen evolution reaction, bonds 
between the surface metal ion and the oxygenated species are broken and formed. Since 
the oxidation state of the metal changes during the oxygen evolution, the enthalpy 
change in the transition of lower oxide to higher oxide (   
 ) is correlated with the over 
potential for OER and a volcano shaped plot is obtained as given in Figure 1-7 [62, 63]. 
Oxides with intermediate    
  value shows the highest catalytic activity for OER. 
Oxides which are oxidized too easily are not active as the intermediates adsorb too 
strongly. Oxides which are difficult to oxidize are also not active as the intermediates 
adsorb too weakly [62, 64]. Rutile type oxides RuO2 and IrO2 shows intermediate 
   
 value and were found to be suitable catalyst for OER and they also have good 
electronic conductivity and chemical stability [64, 65]. Due to the high activity of RuO2 
for O2 and Cl2 evolution reaction 46% of the world’s Ru production is used in chlor-
alkali industry as dimensionally stable anode (DSA) electrode [66]. Ruthenium is 
relatively less expensive than Pt and IrO2, but its corrosion on oxidation condition due 
to dissolution of RuO2 and loss of inherent catalytic activity makes it unsuitable for 
practical electrolyser [67]. 
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Figure 1-7. Electrocatalytic activity of oxygen evolution reacion on various oxides as a 
function of  enthalpy of                          transition(●) acid solution and 
(○) alkaline solution  [62]. Reproduced with permission from Elsevier. 
 
Different mechanisms have been proposed for OER. Three major proposed mechanisms 
are the electrochemical oxide path, the oxide path and the Krasil Shichikov path and are 
given in Table 1-5. More details on OER mechanism are available in literature [59, 68-
72]. When one of the steps in the mechanism becomes the rate determining step (rds), a 
corresponding tafel slope can be derived and the values are given in Table 1-5 at low 
and high over potentials. Reaction mechanism and rds can be determined from the 
steady state polarisation analysis. 
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Table 1-5.Various OER mechanism pathways in acidic media and their corresponding 
tafel slopes [68, 70]. 
Path Reaction step (rds.) 
ba  
at low η 
ba  
at high η 
Electrochemical 
Oxide path 
                      
      120 120 
                  
      40 120 
               15 ∞ 
Oxide path 
                      
      120 120 
                    30 ∞ 
           15 ∞ 
Krasil 
Shichikov 
                      
      120 120 
           
        60 60 
             30 120 
           30 ∞ 
 
Most of the OER catalysts studied in the earlier days were based on DSA electrode after 
its invention by Beer in 1967 [73]. DSA electrode is having general formula Me/AOx-
BOy containing a monometallic or bimetallic oxide (AOx and/or BOy) one of which is 
conducting and the other is inert; coated on a suitable base metal (Me) such as Ti [60, 
74]. The conducting oxide is active towards the desired reaction whereas the inert oxide 
ensure better dispersion of the active component, preventing the corrosion of the base 
metal and helps in better cohesion of the coating, increasing the stability of the oxide 
[60, 74]. Since the conducting coating, RuO2 and IrO2 are expensive and high loading in 
the electrode increase the system cost, a bimetallic catalyst system with non-precious 
metal mixed with the active oxide were widely used in commercial electrolyser system. 
Though, generally this decrease the active area, the life time significantly improves in 
this system which is important for the commercial operation. 
RuO2 is the most active catalyst for OER in PEMWE but suffers from instability on 
long term operation whereas IrO2 is the most stable and second most active catalyst for 
OER [75, 76]. High cost of these catalysts limits the usage of its high loading on the 
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electrode. Reducing the loading of precious metal on the electrode without making 
significant compromise of the electrolyser performance is an important step towards the 
development of cost effective PEMWE. It is unlikely that a complete non-noble metal 
catalyst would be identified for PEM system, but a reduction in the noble-metal loading 
would be possible by suitable approaches such as making alloy with less precious/non 
precious metal or dispersing the catalyst on a suitable cheap and conducting support 
material [77].  
 Hydrogen evolution reaction (HER) 1.6.2
Hydrogen evolution/oxidation is one of the most studied electrochemical reactions. 
Hydrogen evolution reaction is kinetically feasible reaction compared to OER. The 
suitable catalyst for HER is also derived based on the bond strength between the 
catalyst and chemisorbed H (S-H). A volcano plot similar to Figure 1-7 is obtained and 
is given in Figure 1-8 [78, 79]. Metals with intermediate S-H bond strength (e.g. Pt) 
shows highest activity. Metals making too strong and too weak bonding with H shows 
lower activity for HER [80]. Pt is the most active catalyst for HER and HOR. The first 
step of the HER mechanism is the discharge of H
+
 ion with the formation of adsorbed H 
(Volmer pathway). The second step can either be a chemical recombination (Tafel 
pathway) or an electrochemical recombination (Heyrovsky pathway)[81]. The slowest 
step determines the overall rate of the reaction. The different pathways for the HER and 
the tafel slopes corresponding to the different steps are given in Table 1-6.  
 
Figure 1-8. Volcano plot of exchange current density for the HER vs. the M-H bond 
strength [78]. Reproduced with permission from Elsevier. 
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Table 1-6. The HER mechanism pathways in acid media and their corresponding tafel 
slopes [81, 82]. 
Path Reaction step (rds.) 
ba  
at low η 
ba  
at high η 
Volmer                     120 120 
Heyrovsky          
              40 120 
Tafel                   30 ∞ 
 
 Objective of the thesis 1.7
The main objective of the thesis is to develop low cost, stable and active catalyst for the 
PEMWE. Little research has been performed to date on the use of supported catalyst for 
PEMWE anode. Supported catalysts were developed for PEMWE anode in order to 
have a lower precious metal loading on the electrode and thus reducing the cost of the 
electrode. The effects of various physical and electrochemical parameters affecting the 
performance of the supported catalysts were investigated in order to identify suitable 
composition of the supported catalyst. Various support materials such as indium tin 
oxide (ITO), antimony doped tin oxide (ATO) and titanium dioxides were investigated 
as support material for the IrO2 catalyst. Since RuO2 is the most active catalyst for OER, 
stabilisations of RuO2 catalyst by adding niobium additive to form bimetallic systems 
were also investigated. The major objective can be summarized as, 
 Explore various possible catalyst support material for OER catalyst in PEMWE. 
 Investigation of various parameters affecting the performance of the supported 
catalyst in PEMWE anode and identify the optimum composition. 
 Development of stable OER catalyst for PEMWE by utilizing Nb based 
bimetallic system of catalyst. 
 Finding an alternate organic acid dopant to phosphoric acid for 
polybenzimidazole (PBI) membrane. 
Chapter 1- gives a brief introduction and objective of the thesis. General principle of 
PEMWE and challenges are discussed. 
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Chapter 2- describes the synthesis of the catalyst and various physico-electrochemical 
techniques used for the characterization of the prepared catalyst. Brief descriptions of 
the theory of the techniques are also given in this chapter. 
Chapter 3- describes the synthesis and characterization of the ATO supported IrO2 as 
OER catalyst in PEMWE. Various physical properties affecting the performance of the 
supported catalysts are discussed. 
Chapter 4- describes the study of ITO as support material for IrO2 in PEMWE. The 
performance of the catalyst was compared with TiO2 supported IrO2 in order to study 
the effect of support conductivity on the catalyst performance. 
Chapter 5- describes the RuxNb1-xO2 and IxNb1-xO2 catalyst synthesis and 
characterization in detail. Two different methods, namely the Adams method and the 
hydrolysis method were adopted to prepare the catalyst. 
Chapter 6- is a short chapter on the preliminary investigation of some alternate acid 
dopant to phosphoric acid for PBI membrane. 
Chapter 8 summarizes the main findings and gives some recommendation for the future 
work. 
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2 Chapter-2. Experimental 
This chapter describes the methods used for the synthesis of OER catalysts and the 
characterization techniques used to analyse them. Principles of physical characterization 
techniques such as X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), 
scanning electron microscopy (SEM), energy dispersed X-ray analysis (EDX), 
transmission electron microscopy (TEM), Brunauer-Emmet-Teller (BET) and thermo 
gravimetric analysis (TGA) are briefly explained. The procedures and the principles of 
the electrochemical techniques used such as cyclic voltammetry (CV), membrane 
electrode assembly (MEA) polarisation as well as membrane and powder conductivity 
are also described. 
2.1 Synthesis of the catalyst 
Different methods have been adopted by various groups to prepare RuO2 and IrO2 based 
catalysts for OER such as the Adams fusion method [83], the hydrolysis method [84], 
the polyol process [85-87] and the borohydride reduction method [76]. All these 
methods involve preparation of a metal/metal compound intermediate followed by a 
thermal treatment to form the metal oxide. A calcination temperature ranging from 400-
600
o
C are generally used for the preparation of Ru and Ir based oxides [86-88]. The 
morphology, crystallinity, stoichiometry and electronic conductivity of the oxides 
depends on the preparation method and calcination temperature used [55]. 
Two major methods were adopted to prepare the unsupported and supported catalyst in 
this study. Specific details of the catalyst synthesis are given in their respective chapters. 
General principles of the synthesis methods and procedures are described here. 
2.1.1 Adams fusion method 
The Adams method was first introduced in 1923 by Roger Adams for the preparation of 
PtO2 [83] and later used by various groups to prepare RuO2, IrO2 and mixed oxides [43, 
76, 81, 83, 88-94]. 
In the Adams method the metal precursors (e.g. RuCl3, H2IrCl6) as required by the 
stoichiometry are mixed in a suitable solvent (e.g. isopropanol, water or mixture). 
NaNO3 is then added under constant stirring. For bimetallic and supported catalysts, the 
second metal precursor/support is added before the addition of NaNO3. The solvent is 
then evaporated slowly and the dried mixture is transferred to a crucible and calcined at 
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high temperature (300
o
-600
o
C) in air to form the oxides. During the heat treatment the 
NaNO3 (melting point = 308
o
C) forms an oxidizing melt, dissolving the precursors and 
reacting with them to form nitrates as given in equation (2-1) and (2-2) for RuCl3 [83, 
95] and equation (2-3) and (2-4) for H2IrCl6. The NaCl salt formed after the calcination 
was then dissolved in DI water. The sample was washed and centrifuged using excess 
DI water and dried in an air oven.  
                             (2-1) 
                     
 
 
    
(2-2) 
                                      (2-3) 
                         (2-4) 
The advantage of Adam’s fusion method is that two of the bi-products formed are gases 
(NO2 and O2) and the third one is NaCl which can be removed easily by dissolving in 
water. A schematic of the procedure adopted is given in Figure 2-1. 
 
Figure 2-1. Schematic of the Adams fusion method for the synthesis of metal oxide. 
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2.1.2 Hydrolysis method 
The aqueous hydrolysis method involves hydrolysis of metal precursor to form 
hydroxides (or hydrated oxide) and their subsequent decomposition at high temperature 
to form oxides. Suitable metal precursors (e.g. RuCl3, H2IrCl6) or a mixture of metal 
precursors as required by the desired stoichiometry were hydrolyzed by aqueous 
alkaline solution (e.g. NaOH) at 80
o
C. For supported catalysts, the support material was 
introduced before the addition of the alkaline solution. A gradual color change was 
observed during hydrolysis at 80
o
C, eventually reaching a deep blue colored complex. 
This is attributed to the substitution of chlorine with a hydroxide group [96]. 1M HNO3 
was then added drop wise until the pH of the solution measured using a pH meter 
(Hanna instruments) reached 7-8 where a controlled precipitation occurs [97, 98]. If the 
pH decreased below 7, the unreacted Ru species will still present in the solution while if 
the pH remained more than 7, sodium ions will be present as an impurity in the catalyst 
[97]. The precipitate formed may be either a hydrated metal oxide, metal hydroxide or 
hydrated metal hydroxide [97]. The precipitate nature also depends on the extension of 
hydrolysis and will be different for Ru and Ir species since their hydrolysis tendency 
varies [99].  
The solution after the hydrolysis stage was stirred overnight, washed with plenty of 
water and separated by a centrifuge. The precipitate was then calcined at high 
temperature to form the respective metal oxide. The hydrolysis method permits the use 
of lower calcination temperature compared to the Adams method [76]. A calcination 
temperature of 400
o
C-500
o
C was reported to give best catalytic performance [84, 100-
102]. A higher calcination temperature will lead to particle sintering which will 
decrease the active surface area [100] whereas catalysts prepared at lower temperatures 
will be amorphous and have poor stability for OER [102]. The hydrous RuO2, on heat 
treatment at 300
o
C or above gives an anhydrous compound with crystalline structure 
[97, 103].  
Reactions of H2IrCl6 with NaOH are given by Ioroi et al [100]. The H2IrCl6 dissolves in 
NaOH to form        
  (equation (2-5)). After heating for a sufficient time, Cl
-
 is 
substituted by OH
-
 ion (equation (2-6)), the hydroxide complex formed is then 
precipitated by adding HNO3 solution (equation (2-7)), 
 
        
                
   
 
 
       
(2-5) 
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        (2-6) 
          
                     (2-7) 
The precipitate formed is then washed and heat treated at high temperature to form the 
IrO2. A schematic of the procedure adopted in given in Figure 2-2. 
 
Figure 2-2. Schematic of the hydrolysis method for the synthesis of metal oxide. 
 
2.2 Physical Characterization 
2.2.1 X-ray diffraction 
The X-ray diffraction (XRD) technique is the most widely used technique for the 
characterization of crystalline materials. It can be used for both qualitative and 
quantitative analysis.  
The principle of XRD lies in the diffraction of radiation. Crystalline solids have 
periodical arrangements of constituents (atoms, ions or molecules) and the wavelength 
of X-ray (0.1 – 100 Å) and interatomic spacing in crystals are of the same magnitude 
[104]. Thus crystals act as a 3-D diffraction grating for X-rays [105]. As an X-ray (an 
electromagnetic radiation which has an oscillating electric field) interacts with the 
electrons in the sample, the electron starts oscillating in the same frequency as the 
incident X-ray. An oscillating electron will always emit radiation with the frequency of 
oscillation. Thus the electron from the sample emits radiation in all direction (Thomson 
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scattering) which can have constructive and destructive interference. Figure 2-3 shows 
the diffraction of X-rays from crystal planes. When the Bragg condition (equation (2-8)) 
is satisfied, scattered X-rays constructively interfere and an intense peak is obtained.  
              (2-8) 
Here      is the spacing between the lattice planes with Miller indices h, k and l. n is the 
order of diffraction (1, 2, 3 etc.) and   is the wavelength of the incident X-ray. 
 
Figure 2-3. Bragg’s reflection from a set of hkl crystal planes. 
 
Unlike in a single crystal, a powder crystal sample contains a very large number of 
small crystals called crystallites which are randomly arranged in all possible 
orientations [104, 105]. Thus for every set of crystal plane some of the crystals will be 
in a position to satisfy Bragg’s equation and a peak is obtained in XRD spectra.  
The X-rays are generated in an X-ray tube by bombarding accelerated electrons 
produced from a heated filament (tungsten) with an anode metal target (e.g.: Cu, Al, Mo 
and Mg) at a potential difference of about 20-50 kV in vacuum (Figure 2-4). The high 
speed electron collides with the metal target and eject electron from its core level. As a 
result, a hole is created in the core level and an electron in an upper level falls into this 
level releasing energy in the form of an X-ray [106]. 
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Figure 2-4. Schematic of the cross section of sealed-off filament x-ray tube [106]. 
The X-ray bombards the sample at different angles. The emitted ray is then analysed 
using a suitable detector (Figure 2-5). The sample or the detector is rotated at an angle 
2θ and the result is plotted as angle vs. intensity of peak. 
 
Figure 2-5. Basic instrumental set up of XRD. 
 
The XRD analysis can be used only for a crystalline substance and not for amorphous 
compounds. An amorphous or partially crystalline substance shows broad peaks in 
XRD. It was found that the peak also broadens as the crystallite size decreases. The 
broadness of the peak is used to calculate the crystallite size using Debye-Scherrer 
formula (equation (2-9)) [104], 
   
  
     
 (2-9) 
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Where   is the wavelength of incident X-ray,   is the full width at half maximum(2 ), 
and K is the shape factor which usually takes the value of 0.9 [104] assuming spherical 
crystallite shape. 
In this study, the X-ray diffraction (XRD) analyses of the samples were carried out 
using a PANalytical X'Pert Pro MPD, (powered by a Philips PW3040/60 X-ray 
generator and fitted with an X'Celerator) with Cu-Kα radiation ( = 1.541874 Å) . The 
data were collected over a range of 5-100
o 2θ with a step size of 0.0334o 2θ and nominal 
time per step of 200 seconds.  All scans were carried out in ‘continuous’ mode using the 
X’Celerator RTMS detector. Phase identification was carried out by means of the X'Pert 
accompanying software program PANalytical High Score Plus in conjunction with the 
ICDD Powder Diffraction File 2 database (1999) and the Crystallography Open 
Database (September 2011; www.crystallography.net). 
2.2.2 X-ray photoelectron spectroscopy (XPS) 
X-ray photoelectron spectroscopy or Electron Spectroscopy for chemical analysis 
(ESCA) is an important surface analysis technique used to analyse the composition and 
the bonding on the surface of solid materials.  
XPS analysis works based on the principle of the photoelectric effect. X-rays generated 
from a suitable X-ray source (e.g. Al Kα or Mg Kα) are introduced on the sample surface. 
This primary beam interacts with the sample in different ways (Figure 2-7). The X-ray 
ejects an electron from the core-level of an atom on the sample surface. The electron 
leaves the surface with a kinetic energy which depends on the energy of the introduced 
beam and binding energy of the electron (equation (2-10)). 
             (2-10) 
Where      and     are the binding energy and kinetic energy of the electron and   is 
the work function of the instrument. By measuring    of the ejected electron,     of 
the electron can be calculated from the equation (2-10). Since each electron has 
characteristic    , it can be used to identify the chemical oxidation state, electronic 
structure and atomic composition of the sample surface [107]. The binding energy not 
only depends on the element but also its oxidation state and chemical environment 
which help to analyse the stoichiometry and bonding of elements on the surface. 
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Figure 2-6. Schematic of the electron transition in XPS analysis. 
 
As given in Figure 2-6, when the incident beam ejects electron from the core level, a 
hole is created and an electron in an upper level falls into this level releasing energy in 
the form of an X-ray which in turn is utilised to eject an electron from the upper shell 
(Figure 2-6). The electron ejected in this way is called an Auger electron. These 
electrons have very low energy and are ejected from the outer atomic layer on the 
surface (Figure 2-8). It has to be noted that photoionization can produce both 
photoelectrons and auger electrons whereas electron ionization can produce only auger 
electrons [108]. The KE of an auger electron is independent of the introduced photon 
energy whereas the KE of photoelectron  is dependent on the energy of the introduced 
photon electron [108]. Both auger electron and X-ray generation are competitive 
processes. At high energy, X-ray generation dominates and at low energy, auger 
electron generation dominates. Since conventional XPS instruments use low energy X-
rays (Al Kα=1486.6 eV, Mg Kα=1253.6 eV), the X-ray generation is not prominent 
[107]. 
The XPS analysis in this study was carried out in a K-Alpha (Thermo Scientific) 
instrument with a micro focused monochromatic Al- Kα source. 
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2.2.3 Scanning electron microscopy (SEM) 
Scanning electron microscopy is an important electron microscopy technique used to 
study the topography, morphology and composition of solid materials.  
In this technique, an electron beam produced from an electron gun (primary electron 
beam) is bombarded vertically on to the sample surface in vacuum. The electron beam 
interacts with the sample and undergoes both elastic and inelastic scattering (Figure 2-7). 
In the elastic scattering the kinetic energy and the velocity of electron remains constant 
(called a backscattered electron if it escapes the surface). In the inelastic scattering, the 
electron collides with the atoms in the sample and ejects electrons from them (called 
secondary electrons). Secondary electrons are generally produced up to a depth of 10 
nm and are considered as the depth limit of SEM. The number of secondary electrons 
depends on various factors such as atomic number of the atom, angle which the surface 
forms with the introduced beam, shape, thickness and particle position etc. [109]. Thus 
it helps to form a 3-D topographical image of the surface. The energy of the 
backscattered electron is generally >50 eV whereas for secondary electron it is ≤ 50 eV. 
X-rays and auger electron can also be emitted by the sample due to the relaxation of the 
excited atom (Figure 2-7). This forms the basis of elemental analysis. Detectors are 
placed on a proper position suitable to detect the various forms of rays coming from the 
sample. Based on the detection of the emitted beams three types of images are formed. 
Backscattered electron image, secondary electron image and elemental mapping. 
Backscattered electron images are produced when a high accelerating voltage is used 
which gives high penetration depth and wider diffusion area, but reduces the image 
contrast and cannot be used for fine structure analysis. Secondary electron image are 
generally used for the fine structure analysis by using low accelerating voltage [109]. 
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Figure 2-7. Various effect of electron bombardment on the sample and characterization 
technique associated with it [109] . 
 
 
 
Figure 2-8. Depth profile in a sample where characteristic interaction occur with the 
electron beam. 
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2.2.4 Energy dispersive X-ray technique (EDX) 
Energy dispersive spectroscopy (EDS) or Energy dispersive X-ray analysis (EDX) is an 
analysis technique used in conjunction with the SEM analysis. EDX analysis utilise the 
emitted X-ray from the sample during the interaction of electron beam with the sample 
(Figure 2-7) to quantitatively analyse the elemental composition. When a primary 
electron beam interacts with the sample and ejects secondary electron, a hole is created 
and the electrons from higher shell transferred to the hole by releasing an X-ray photon 
(Figure 2-6). Since the energy of the X-ray depends on the energy difference between 
the shells which in turn depends on the specific element, EDX can be used to identify 
elements present in the sample. 
In this study, the SEM and Energy dispersive X-ray spectroscopy (EDX) analyses were 
carried out in FEI Xl30 ESEM-FEG (Environmental Scanning Electron Microscope-
Field Emission Gun) at 20kv for elemental analysis on uncoated samples in low vacuum 
mode and at 10 kV on gold coated samples in high vacuum mode for the images. The 
EDX system was from Rontec using Quantax software. 
2.2.5 Transmission electron microscopy (TEM) 
Transmission electron microscopy has similar basic principle of SEM except that the 
electrons pass through the sample. TEM utilises three types of transmitted electrons 
from the sample, i.e. elastic scattered electron, inelastic scattered electron and 
unscattered electrons (Figure 2-7). The unscattered and elastic scattered electron 
intensity will be proportional to the thickness of the sample and will be shown as light 
and dark areas in the image. Also elements with higher atomic number will scatter more 
electrons than those with lower atomic number, creating different intensity regions.  
In our study, TEM analysis was carried out in a Philips CM100 operated at 100kV.The 
CCD camera is optronics 1824x1824 pixel with AMT40 version 5.42 image capture 
engine supplied by Deben UK. Sample for TEM were dried onto carbon-coated copper 
400 mesh grids supplied by TAAB Laboratories Equipment Ltd, Aldermaston, UK. 
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2.2.6 Thermo-gravimetric analysis (TGA) 
Thermo-gravimetric analysis (TGA) is a widely used technique to study the thermal 
behaviour of the sample. It can be used to study the chemical composition and thermal 
stability of the sample. 
 In this technique, mass change of the sample is monitored while heating the sample in a 
controlled atmosphere (N2, O2, air etc.) with a controlled temperature programme. The 
mass change versus the temperature (or time) is plotted for the analysis. A decrease in 
mass implies a destruction of the sample whereas an increase weight in an oxidising 
atmosphere indicates an oxide formation. TGA analysis was used in our study mainly to 
study the thermal stability of the support material and its thermal oxidation behaviour. 
Since most of the synthesis method for the RuO2 and IrO2 catalyst requires a thermal 
treatment at high temperature of up to 600
o
C, it is important to know the thermal 
behaviour of the species involved. 
In our study, the TGA of the samples were carried out using TGAQ500V20.10 Build 36 
instrument in air atmosphere with temperature ramp from 30
o
C to 900
o
C at 10
o 
C.min
-1
. 
2.2.7 BET surface area analysis 
The Brunauer-Emmet-Teller (BET) method is widely used for the surface area analysis 
of solid samples using N2 physical adsorption. BET consider multilayer adsorption of 
N2 considering the fact that the enthalpy of adsorption for the first mono layer are 
higher than the subsequent layer. Using the BET equation (equation (2-11)), the surface 
area (m
2
 g
-1
) is calculated [110]. 
 
 
       
 
 
   
 
     
   
 
 
  
 (2-11) 
Where    is the saturation pressure of the gas (atmospheric pressure if the process is 
carried out atmospheric pressure and above the boiling point of N2), V is the volume of 
the gas adsorbed per unit mass of material at pressure P, Vm is the volume of the gas 
required to cover a monolayer on the surface per unit mass and C is a constant.  
The N2 adsorption BET surface area was measured in Tristar II 3020 V1.01 instrument. 
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2.3 Electrochemical Methods 
2.3.1 Powder conductivity 
Electronic conductivity of powder sample was calculated using an in-house built 
conductivity set up. The schematic of the setup is given Figure 2-9 and photograph in 
Figure 2-10. 
 
Figure 2-9. Schematic of the powder conductivity cell. (1) insulator cover (2) copper 
piston (3) powder sample (4) plastic (5) thickness display on micrometre. 
 
Since the powder sample prepared was at the milligram level, a smaller set up which 
can also fit into a standard micrometre was designed and built using copper rod and an 
insulating plastic disk (Figure 2-10). The sample was placed in between the two copper 
pistons and pressed using the micrometre. The micrometre thus applies pressure and 
measures thickness simultaneously. The resistance of the sample was measured at 
different thicknesses by varying the pressure. A similar set up for measuring 
conductivity of powder sample under compression are described elsewhere [111-113]. 
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Figure 2-10. The powder conductivity cell. 
The conductivity was measured in a two probe method by passing a dc-voltage across 
the piston and measuring the current at room temperature. A slope voltage vs. current 
plot gives the resistance (equation (2-12). 
   
 
 
 
(2-12) 
The resistance of the powder at each thickness was measured. A plot of thickness vs. 
resistance gives a linear relation and its gradient gives the resistivity (ρ) according to the 
equation ((2-13). 
     
 
 
 
(2-13) 
Where   is the thickness of the sample and   is the cross section of the piston (5mm 
diameter) in contact with the sample. The resistivity was calculated from the gradient of 
  vs.   plot (equation (2-14) and conductivity from its inverse (equation (2-15). 
   
  
  
   (2-14) 
   
 
 
 (2-15) 
Where   is the resistance (Ω),   is the thickness of the sample pellet (cm),   is the area 
of the pellet in contact with the piston (cm
2
),   is the resistivity (Ω.cm) and   is the 
conductivity (S.cm
-1
). It should be noted that, powder conductivity of a compressed 
sample depends on various factors, such as conductivity of individual particles, the 
degree of contact between the particles, the packing density, impurities present in the 
sample and the external pressure applied [114, 115]. As the conductivity is calculated 
from the resistance values at different thickness, this method eliminates any contact 
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resistance between the powder sample and piston and the difference in packing density 
of samples. The conductivity of Vulcan XC-72 and TiO2 nanoparticle in the same set up 
were 1.78 S cm
-1
 and 2.61×10
-6
 S cm
-1
 respectively. A conductivity of 4 - 4.5 S cm
-1
 for 
Vulcan XC-72 was reported in literature in a set up similar to ours [116, 117]. 
2.3.2 Cyclic voltammetry 
Cyclic voltammetry (CV) is one of the dynamic electrochemical methods for the study 
of electro active species and is a popular technique for initial electrochemical studies of 
new systems [36, 118]. In CV the potential is cycled at fixed scan rate and the resulting 
current is measured [119]. The theory and principle of CV is well described in the 
literatures [118-124]. The CV experiment is normally carried out in a three electrode 
cell. The voltage is measured between a working electrode (WE) and reference 
electrode (RE) whereas current is measured between the WE and counter electrode 
(CE).  
For a reversible reaction (reaction rate is fast), the equilibrium establishes quickly and 
the Nernst equation applies to the equilibrium. In this case the peak current depends on 
the mass transport (slowest step) and not on the kinetics [123] and is given by the 
Randles-Sevich equation (equation (2-16) [36, 125]. Mass transport in CV is only by 
diffusion as other forms of mass transports are eliminated. 
            
                  (2-16) 
Where ip =Peak current (A), A= area of electrode (cm
2
), D= diffusion coefficient of 
reactant (cm
2
 s
-1
), n= number of electrons transferred, ν = scan rate (V s-1), Co = analyte 
concentration (mol cm
-3
).  
An ideal reversible couple is characterised by sharp and symmetrical anodic and 
cathodic peak, peak current proportional to  
 
  , no change in peak potential with scan 
rate, and peak potential separation of  
    
 
 [119, 123]. Both anodic and cathodic peak 
potential are independent of the scan rate for a reversible couple [125].  
The peak separation increases and peaks broaden as the rate of charge transfer decreases 
and/or the scan rate is increased [118, 123]. Most real systems are not fully reversible 
but a quasi-reversible system. A quasireversible system is where the rate of the reaction 
is in between the reversible and irreversible extreme cases (10
-1
< k
o 
<10
-5
 cm s
-1
). In this 
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case the Nernst equation is only approximately valid. If the reaction rate is slower than 
the scan rate, the equilibrium will not occur rapidly compared to the voltage ramp, so 
the peak will shift to a more over potential position and the difference between the 
redox peaks will increase.  
For an irreversible process the charge transfer at the electrode is extremely slow (k
o
 < 
10
-5
 cm/s) and thus the current is controlled by charge transfer reaction rate (kinetic 
control) which is the slow reaction [123]. Since the surface concentration of the redox 
species are not at thermodynamic equilibrium, the Nernst equation cannot be applied 
[123]. The individual peaks are reduced in size and widely separated [125]. 
Also it should be noted that since the potential is continuously changing in CV, a 
charging current    always flows (capacitive current). This is non-Faradaic current due 
to the charging of the double layer without any charge transfer between electrode and 
electrolyte [123, 126]. 
CV of Pt in acid solution gives well defined peaks (Figure 2-11) showing the adsorption 
process during the potential scan. Three regions are defined in the CV, the hydrogen 
region, the oxygen region and the double layer region respectively. The hydrogen region 
is where H2 is adsorbed/desorbed on Pt and the oxygen region where Pt forms an oxide 
layer during anodic potential scan (~ +0.8V vs. NHE). The double layer region is at the 
centre where only capacitive processes occur. During the cathodic scan the oxide layer 
is reduced to form Pt metal (~ +0.7 V vs. NHE). The electrochemical active surface area 
of Pt can be calculated by integrating the hydrogen region [121, 127]. 
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Figure 2-11.  Typical CV curve for a Pt electrode in 0.5 M H2SO4 solution. The 
potential is wrt. mercury sulphate reference electrode (MSE) (0.64 V wrt. NHE) [121]. 
 
Rutile oxides, IrO2 and RuO2 show different characteristic features in CV (Figure 2-12). 
The broad peaks are characteristic of RuO2 and IrO2 with no well-defined double layer 
region [60]. When RuOx or IrOx is placed in acid solution and its potential is varied, the 
valence state of the surface metal atoms changes while compensating for the charge 
with proton (transition metal has the capacity to exhibit difference valence states)[128]. 
During a voltammetric curve, the surface is oxidized and reduced reversibly through a 
mechanism involving proton exchange with the solution (pseudo-capacitance, faradaic 
process) [129]. During the forward positive potential scan the proton is expelled into the 
solution and an electron into the electrode. This may be accompanied by anionic 
adsorption or cation ejection. Similarly during the cathodic scan the proton is inserted 
into the electrode with electron from the source. This may be accompanied by anion 
desorption or cation insertion [130]. The double layer capacitance on the other hand 
arise due to the charge separation at the electrode/electrolyte interface (non-faradaic 
process) and is given by the equation(2-17) [131]. The capacitance in the CV, thus 
involves both double layer and pseudo capacitances as given in equation (2-18) [132]. 
Characteristics of both the capacitance processes are compared in Table 2-1 [131, 133]. 
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 (2-17) 
          (2-18) 
 
Table 2-1.Comparison of double layer and pseudocapacitance [131, 133]. 
Double layer capacitance Pseudo capacitance 
Non-faradaic Involve faradaic process 
~20-50 µF cm
-2
 
2000 µF cm
-2
 for single-state process; 200–500 µF 
cm
-2
 for multi-state, overlapping processes 
‘C’ fairly constant with potential, except 
through the point of zero charge 
‘C’ fairly constant with potential for RuO2; 
for single-state process, exhibits marked maximum, 
Can exhibit several maxima for overlapping, multi-
state processes, as for H at Pt 
Highly reversible charging/discharging 
Quite reversible but has intrinsic electrode-kinetic 
rate limitation determined by faradaic resistance 
Has restricted voltage range  Has restricted voltage range 
Exhibits mirror-image voltammograms Exhibits mirror-image voltammograms 
 
For RuO2, The peaks at around +0.4 V and +1.0 V (vs. Ag/AgCl) are commonly 
attributed to the Ru (III)/Ru(IV) and Ru(IV)/Ru(V) surface transitions respectively [76, 
89] due to the redox charge transition between the hydrogen ion (H
+
) and RuO2 surface 
[88, 128, 129, 134] as given in equation ((2-19), 
                             
      (2-19) 
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Figure 2-12. Typical CV of (a) IrO2 (b) RuO2 in 0.5M H2SO4 solution [91]. 
 
The redox transitions of IrO2 are not as well distinguishable as for RuO2. The 
characteristic peaks for IrO2 at ~0.75 V and ~1 V (vs.Ag/AgCl) are attributed to the 
redox transition of Ir(III)/Ir(IV) and Ir(IV)/Ir(VI) (equation 2-18) [75, 135-137]. 
                            
       (2-20) 
The integration of the CV curve gives the voltammetric charge (q*) values associated 
with the proton transfer in the potential window used. A direct correlation between the 
voltammetric charge and the active area was reported and is generally used to indicate 
the active surface area of the metal oxide catalyst [60]. 
Since glassy carbon is not suitable at anodic potential in acid solution due to possible 
corrosion and gold is not stable in phosphoric acid at anodic potential [138], A Ta 
working electrode was fabricated due to its high stability in 85% H3PO4 [52]. Ta metal 
rod was purchased from Advent Research Material, UK (4mm diameter, Purity 99.9%). 
The working electrode was fabricated by inserting PTFE outer body to the Ta metal 
(Figure 2-13). The Ta metal was surrounded by a heat shrinked PTFE tube (pro power-
STFE4 9.5-1.2mnat - heatshrink) before inserting the Teflon outer body. The electrode 
was polished well using SiC paper (1200, 2400 and 4000 grade) until a mirror finish 
was obtained. This electrode was used for all the CV analysis described in this thesis. 
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Figure 2-13. The Ta working electrode fabricated in-house. 
 
2.3.3 MEA preparation and electrolyser test 
 The membrane electrode assembly (MEA) was prepared by the catalyst coated 
membrane (CCM) method [139-141]. Nafion
®
-115 membrane was used for all MEA 
described in this thesis. Nafion
®
 membrane was pre-treated with 3% H2O2, 0.5M H2SO4 
and DI-water as described elsewhere [139, 141, 142]. The catalyst ink for anode and 
cathode were prepared by mixing the catalyst, ethanol and Nafion
®
 binder. The catalyst 
ink was ultra sonicated until a uniform solution is obtained. Both anode and cathode 
catalyst were coated by spraying method on both sides of the membrane (Figure 2-14) 
which was kept on a hot plate at temperature of 50-80
o
C using a spray gun (Badger No 
100LG, USA) with N2 gas pressure. The loading of anode catalyst in literature generally 
varies from 1.5 - 3 mg cm
-2
 and that of cathode catalyst (Pt black or Pt/C) normally 
varies from 0.3 - 1 mgPt cm
-2
. The cathode catalyst can be either Pt black or carbon 
supported Pt [84, 143]. 
 
Figure 2-14. The catalyst coated Nafion-115 membrane obtained by spraying method. 
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The cell body was made up of a titanium parallel flow field of 1 cm
2 
area (Figure 
2-15(b)). The flow field plate was gold coated on both anode and cathode side by a 
physical vapour deposition method (PVD), in order to make a better contact with the 
electrode and to protect the Ti from oxidation on the anode. The PVD was carried out 
by sputtering at ACMA, Newcastle University. A gold coated titanium mesh and toray 
carbon paper were used as GDL/current collector on the anode and cathode side 
respectively. Toray carbon paper, [144, 145], titanium fibre [141], titanium sintered disc 
[143] etc. were used as anode current collector in the literature. The MEA prepared was 
sandwiched between the current collectors and assembled in the cell body with a torque 
of 2 N m. The anode catalyst loading was ~1.8-2 mg cm
-2
 and the cathode loading was 
~ 0.5 mg Pt cm
-2
. The loading was calculated by spraying the catalyst ink on a PTFE 
sheet and weighing it before and after spraying. This method was adopted as it is 
difficult to weigh the Nafion
®
 membrane accurately due to the high water uptake from 
the atmosphere. It was assumed that the same amount is deposited on the membrane. A 
silicone gasket was used to ensure proper seal of anode and cathode compartments. All 
MEA except for RuxNb1-xO2 (Chapter 6) were tested using the cell described above. 
MEA tests of RuxNb1-xO2 (Chapter 6) were carried out at HySA, University of Western 
cape, South Africa using a cell made of stainless steel with an interdigitated flow field 
of 4cm
2
 area with two porous titanium sinters (White washers, CSIR, South Africa, 
thickness 1 mm, 30% porosity) (Figure 2-15(a)). Titanium fibre (Bekenit, Japan, 
thickness 0.3 mm, porosity 60%) and carbon cloth were used as current collector on 
anode and cathode respectively. A Neware Battery testing system (Neware technology 
Ltd, China) was used as the power source. A schematic of the experimental set up is 
given in Figure 2-16. 
 
Figure 2-15. The cell used for MEA analysis (a) stainless steel electrolyser cell (4 cm
2
) 
and titanium porous sinter (b) titanium cell with gold coated flow field (1 cm
2
). 
 46 
 
46 Chapter-2. Experimental 
DI water was pumped using a peristaltic pump to the anode side of the cell which was 
heated to the required temperature by a heating rod using a temperature controller. The 
cathode was kept dry as there will be water transfer to the cathode through electro 
osmotic drag. Potential was applied using a power source (Thurlsby Thandar 
Instruments, PL3320) and current was recorded at various potentials. The experimental 
set up is schematically shown in Figure 2-16. 
 
Figure 2-16. Schematic of PEM water electrolyser set up for MEA analysis. 
 
2.3.4 Membrane conductivity measurement 
The membrane proton conductivity is an important factor in a PEM system in order to 
achieve a high current density with a low ohmic resistance. Proton transfer in membrane 
can take place in two directions (i) in plane (ii) through plane. Through plane 
conductivity is more relevant in fuel cell operation. However since the through plane 
resistance when using thin membranes can be overwhelmed by the contact resistance 
between the membrane and the probes, leading to large errors in measurement, in plane 
conductivity measurement is more widely reported [146, 147]. Since the membrane is 
isotopic, the in plane and through plane conductivity should ideally be similar [147]. 
Four point and two point probe technique are generally used for in plane conductivity 
measurement. The four-point method has an advantage compared to two probe as it 
eliminates the probe resistance and resistance between the probe and the membrane 
surface [146].  
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Figure 2-17. Schematic diagram of two point probe technique for the measurement of 
in-plane membrane conductivity [146]. 
Since the membrane resistance measured is significantly higher than the resistance of 
the probes (>1000 times), a two point probe is used in our study. The conductivity cell 
consists of four equally spaced (0.5 cm) Pt probes (Figure 2-17) and the membrane was 
sandwiched in the cell in contact with the two Pt probes (1 and 2). In the two points 
probe technique used, the current source and voltmeter was connected to two probes (1 
and 2). The membranes were cut into 1 cm × 1 cm strips and placed across two Pt 
foils. AC impedance measurements were carried out between frequencies of 1 and 20 
kHz by frequency response analyser (Voltech TF2000, UK). Figure 2-18 and Figure 
2-19 gives the conductivity cell and experimental set up to measure the conductivity. 
 
Figure 2-18. The conductivity cell used to measure the conductivity of the membrane. 
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Figure 2-19.Conductivity cell arrangement for measuring the conductivity of membrane. 
The conductivity of the membrane was calculated using the equation ((2-21). 
   
  
 
  
 
 
 
(2-21) 
Where σ = conductivity (S cm-1), R= Resistance (Ω),   = length of the membrane 
(length between two Pt strips) (cm),    area of the membrane in between the two Pt 
strips = thickness × width of membrane (cm
2
). 
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3 Chapter-3. Investigation of supported anode 
catalyst for PEM water electrolyser 
Antimony doped tin oxide (ATO) was studied as a potential support material for IrO2 in 
PEMWE. IrO2 of various loadings was deposited on the ATO support using the Adams 
method. The physical and electrochemical characterization of the catalyst was carried out 
using XRD, SEM, TEM, powder conductivity, CV and MEA polarisation. 
 Introduction 1.8
Proton exchange membrane water electrolysis (PEMWE) is a promising technology for 
the production of hydrogen from water. However state of the art PEMWE have 
drawbacks such as high material cost (PEM, catalyst and bipolar plates), high over 
potential for the OER, and low operating temperature due to possible dehydration of the 
Nafion
®
 membrane at temperature above 100
o
C. IrO2 and RuO2 are the most active 
electrocatalyst for the OER in PEMWE [148], but the stability of RuO2 at high anodic 
potential is poor [76]. IrO2 on the other hand has very good stability and gives the highest 
activity for the OER after RuO2, but has higher cost. An on-going aim of electrocatalyst 
research is to increase the performance of the electrode while reducing the cost [149], 
which is an important step towards commercialisation of PEMWE. There are different 
approaches to reduce precious metal loading on an electrode, such as adding a non-
precious element to form an alloy/bimetallic mixture or support the active catalyst on a 
cheap and conductive high surface area support material [111, 150]. Support materials for 
electrocatalysts help in increasing the dispersion of the catalyst particles and thus 
increasing the specific surface area of the catalyst. The support also helps to reduce the 
agglomeration of the active catalyst during long term operation [149, 151]. High surface 
area carbon supports are typically used in fuel cells, but their high corrosion rate 
(equation (3-1) restricts its use in the PEMWE anode [151, 152]. 
              
                            (3-1) 
The standard electrode potential for the reaction ((3-1) at 25 °C is 0.207 V vs. SHE [152] 
which means that carbon is thermodynamically unstable above this potential. However 
severe oxidation occurs only at potential above 0.9 V vs. SHE in presence of water [153, 
154]. Since a typical electrolyser operates at a potential >1.5 V vs. SHE, it is not possible 
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to use carbon on the electrolyser anode. An alternate material has to be investigated to 
take advantage of supported catalysts in a PEMWE environment. Due to the high 
oxidation atmosphere present in the electrolyser anode (high anodic potential up to +2 V 
vs. SHE and oxygen evolution), materials that can be used as support at electrolyser 
anode are limited. An ideal catalyst support should have high surface area, good electrical 
conductivity, thermal and electrochemical stability in the PEMWE environment [150, 
155, 156]. 
Ma et al [150] studied TiC supported Ir as OER catalyst. Commercial TiC powder (Fujian 
Sinocera Advanced Materials Co.Ltd) with BET surface area of 14.41 m
2
 g
-1
 was used as 
support material for Ir. 20 wt.% Ir  was deposited on the TiC by chemical reduction and 
deposition with ultrasonic dispersion. A broadening of the Ir peak was observed in XRD 
for the 20 wt.% Ir-TiC compared to the pristine Ir indicating a better dispersion of Ir on 
the TiC forming smaller crystallites [150]. TEM imaging showed the TiC particle size of 
50-150 nm and Ir particle size of 10-40 nm. Higher performance of Ir/TiC compared to 
pristine Ir was obtained in cyclic voltammetry studies in 0.5M H2SO4 [150]..The current 
density value at potential 1.5 V of the kinetic region for the 20% Ir-TiC was about 9 times 
that of the pristine Ir for the OER [150].  
An effect of Ir loading on the MEA performance was evaluated later by the same author 
[157]. It was found that MEA performance (Nafion-112 membrane, 80
o
C, atmospheric 
pressure) increased with an increase in Ir loading (10 wt.%, 20 wt.% and 40 wt.% Ir/TiC) 
[157]. A current density of 1002 mA cm
-2
 @ 1.8 V was obtained for 40% Ir-TiC 
compared to 840 mA cm
-2
 for 20 wt.% Ir-TiC [157]. The MEA performance and stability 
comparison of the unsupported Ir catalyst and 20% Ir-TiC showed a higher activity and 
stability up to 4 hr for the 20% Ir-TiC compared to pristine Ir [17]. However it was 
reported elsewhere that corrosion of the TiC occured at anodic potential >0.8 V vs. SHE 
forming Ti
4+
, CO and CO2 [158-161]. At a potential of ~1.05 V a passivation occurs due 
to the TiO2 layer formation and severe corrosion is observed at a potential >1.75 V [161]. 
The non-conducting TiO2 layer formation will reduce the conductivity and performance 
of the catalyst during long term operation.  
Other carbides such as Si doped SiC (Si-SiC) [112] and TaC [162] were also studied as 
support material for an OER catalyst. IrO2 supported TaC prepared by the Adams method 
was found to be forming sodium-tantalum complex during the synthesis stage [162]. Even 
though TaC has good electronic conductivity (118 S cm
-1
), it decreased by 10 orders of 
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magnitude after the Adams method of synthesis due to the NaTaO3 complex formation 
[162]. TaC has also a very low BET surface area (2.4 m
2 
g
-1
) [162]. The TGA analysis of 
TaC showed that TaC starts oxidizing to Ta2O5 at a temperature > 330
o
C and severe 
oxidation occur at a temperature > 600
o
C with complete conversion to Ta2O5 [162]. A 
performance similar to IrO2 was observed for IrO2 content of ≥ 50 wt.% from a half-cell 
study [162]. Si-SiC support also has very low electronic conductivity (1.8×10
-5 
S cm
-1
) 
and surface area (6 m
2
 g
-1
) [112]. IrO2 supported on Si-SiC was prepared with various 
loadings by the Adams method [112]. The pristine IrO2, 90% IrO2/Si-SiC and 80% 
IrO2/Si-SiC showed crystallite size of approximately 5.5 nm, 3 nm and 2.5 nm 
respectively [112]. The CV studies of the catalyst in H3PO4 showed a higher active area 
for 90% IrO2/Si-SiC and 80% IrO2/Si-SiC compared to the pristine IrO2 [112]. This was 
explained based on the high dispersion of the IrO2 forming smaller particles on Si-SiC 
resulting in higher active surface area. 
Tungsten carbide (WC) is one of the most widely studied fuel cell catalyst supports 
among the transition metal carbides due its high thermal stability, high electronic 
conductivity (10
5
 S cm −
1
 at 20
o
C) and catalytic behaviour similar to Pt [163-166]. 
However at anodic potential above +0.8 V, WC forms a semi conductive oxide WO3 
[163, 167, 168] which is an n-type semiconductor with band gap of 2.6-2.8 eV [169]. 
WO3 is not stable and dissolves in acid as the tungstate ion HxWO3 [168, 170, 171] 
making it unsuitable as a support in anodic, acidic environment. Among the metal 
nitrides, TiN is the most studied nitride due to its good electrical conductivity 
(4000 S cm
−1
) and corrosion resistance [156]. But TiN forms a native oxynitride layer on 
its surface due to atmospheric oxidation [172] and at anodic potential of about +0.8-0.9 
V, it forms passivating TiO2 layer on the surface [172] limiting its use as support material 
at high anodic potential. 
Metal oxides generally have good corrosion resistance, though their electronic 
conductivity is poor. Different methods were adopted to increase the conductivity of the 
oxides such as doping with a foreign element and using reduced forms of the oxide [152, 
173]. Ti4O7, commercially known as Ebonex is the major component in the homologous 
series of titanium sub oxides with general formula TinO2n-1 (4 ≤ n ≤ 10) and have 
conductivity of about 1000 S cm
-1
 [152] and has been used as support material for oxygen 
reduction reaction (ORR) and OER catalysts [174]. But on long term polarisation at high 
anodic potentials, a non-conductive TiO2 layer was formed on this material limiting it use 
as support material [175]. 
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SnO2, though it is a poor electron conductor, on doping with Sb(V), In(III) or F
-
 can 
increase its conductivity significantly [176, 177]. Sb2O5 forms a solid solution with SnO2 
and around 20 wt.% of Sb2O5 can be added forming an n-type semiconducting oxide 
[178]. ATO is widely used in electronic conducting coatings, gas sensors, solar battery 
transparent electrodes [179, 180] and is stable in acidic media [181].  
Marshall et al [182] studied ATO nanoparticle incorporated IrO2 DSA type electrode for 
OER. A particle size of around 100 nm for IrO2 and 20 nm for ATO was obtained in 
TEM analysis [182]. The IrO2 electrode showed a more compact structure whereas the 
ATO nanoparticle incorporated IrO2 electrode showed more rough and particle like 
structure [182]. It was assumed that ATO nanoparticles act as reinforcing material in the 
DSA electrode where the cracks between the IrO2 particles were filled with ATO 
nanoparticles. This stabilises the electrode by reducing the penetration of acid to the 
titanium base metal [182]. Half-cell studies carried out with the prepared DSA electrode 
in 0.5M H2SO4 solution showed a higher activity with 10 wt.% ATO nanoparticle 
addition. This was attributed to the higher dispersion of active IrO2 on inactive ATO 
nanoparticles [182]. A bimetallic IrO2-RuO2 supported on commercial ATO nanoparticle 
prepared by thermal decomposition at 450
o
C for 1 hour with metal loadings of 5, 10 and 
20 wt.% was also studied by Marshall et al [183]. XRD of the supported catalysts showed 
peaks of SnO2 only with no evidence of IrO2 and RuO2 crystalline phase and was 
assumed that the particles are amorphous and small IrxRu1-xO2 clusters are formed on the 
ATO support. CV studies in 0.5M H2SO4 showed high activity for 20 wt.% 
Ru0.25Ir0.75O2/ATO on normalising the current with the catalyst loading. The OER 
performance decreased with a decrease in catalyst loading and Ru content in the 
bimetallic oxide [183]. It was also proposed by the author that some penetration of IrO2 
into the ATO particle is also possible which will help in stabilising the electrode [182, 
184]. 
Yin et al [185] used ATO-carbon composite supported Pt catalyst for ORR. A 5 mol% Sb 
addition was found to give the maximum conductivity for ATO (0.83 S cm
-1
 and 1.1 S 
cm
-1
 at room temperature and 130
o
C respectively) and an ATO-carbon composite was 
prepared as support material for Pt. The ORR activity of the 20 wt.% Pt on ATO, carbon 
and ATO-carbon composite support were studied using CV and a rotating disk electrode 
(RDE) technique in 0.5 M H2SO4. The Pt/C-ATO was found to be a more efficient ORR 
catalyst than Pt/C from the RDE analysis [185], however the stability test at 3000 
potential cycles showed higher stability for Pt/ATO than the Pt/C and Pt/C-ATO 
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composite. This was attributed to the electronic interaction between ATO and Pt as well 
as the high electrochemical stability of ATO [185]. 
A high stability of Pt supported on ATO in 85% phosphoric acid was reported by Tseung 
et al [149]. An unsupported Pt and ATO supported Pt (~10 wt.% Pt) were 
potentiostatically held at +700 mV vs. DHE in 85% H3PO4 at 150
o
C for 720 h. It was 
found that unsupported Pt lost 63% of initial surface area whereas ATO supported Pt lost 
only 25% of its initial surface area [149]. The performance of the ATO supported Pt after 
the stability test was also higher than that of the unsupported Pt [149]. This was attributed 
to the lower agglomeration of the Pt crystallites on the ATO [149].  
ATO was recently used as support for a IrO2-Pt catalyst in a unitised regenerative fuel 
cell [186]. A 50:50 wt.% ratio of IrO2-Pt was supported on ATO nanoparticles (30 wt.% 
loading). XRD, TEM and BET analysis showed a particle size of 4-6 nm and surface area 
of 115.7 m
2 
g
-1
 for the ATO support. The MEA analysis with Nafion-115 membrane at 
80
o
C showed better performance for OER than ORR and was attributed to the Pt oxide 
formation at high anodic potential which affects the ORR reaction but not significantly 
affect the OER [186]. 
ATO was selected as the support material here due to its high electronic conductivity, 
stability in acidic conditions [149], electrochemical stability at anodic potential [187] and 
commercial availability with reasonably good surface area (20-40 m
2
 g
-1
). The objective 
of this chapter was to systematically investigate the effect of various parameters such as 
particle size, electronic conductivity and surface area on the performance of the ATO 
supported IrO2 catalyst in PEMWE anode. 
3.1 Experimental: 
Commercially available ATO nanoparticles, Nanotek, 99.5% (Sb2O5:SnO2 10:90 wt.%) 
from Alfa aesar (particle size of 22-44 nm, BET surface area 20-40 m
2
 g
-1
) were used as 
the support. H2IrCl6.xH2O (Alfa aesar), NaNO3 (Sigma Aldrich) were used as Ir precursor 
and oxidizing agent respectively. 
3.1.1 Synthesis of catalyst 
Supported IrO2 catalyst was prepared by the modified Adams fusion method. The H2IrCl6 
solution was prepared in isopropanol (0.01 M). The ATO support was well dispersed in 
isopropanol to which the H2IrCl6 solution was added drop wise. This enabled good 
dispersion of Ir precursor on the ATO support. The solution was stirred well for 3 hours 
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followed by NaNO3 addition and further stirring overnight. The solvent was evaporated 
slowly and the obtained mixture was dried well and calcined at 500
o
C for 1 hour in a 
muffle furnace. The reactions occurring in the Adams method is given by equation ((2-3) 
and ((2-4) [111]. The NaCl residue formed was dissolved in water and the catalyst was 
washed with a copious amount of DI water and dried in open air oven. 
3.2 Characterization of the catalysts 
Physical characterizations of the catalysts were carried out by XRD (section 2.2.1), SEM 
(section 2.2.3), TEM (section 2.2.5) EDX (section 2.2.4), XPS (section 2.2.2) and BET 
surface area (section 2.2.7) analysis. The powder conductivity was measured using the set 
up described in section 2.3.1. 
3.2.1 Electrochemical characterization 
The electrochemical characterization was carried out in a voltalab PGZ50 potentiostat. 
The catalyst ink was prepared in isopropanol: water (3:2) solvent with Nafion
®
 binder 
content of 20 wt.%. The ink was dispersed well in an ultra-sonic bath for half an hour 
before drop casting 10 µl on the Ta working electrode. The loading on the electrode was 
~500 µg cm
-2
. An Ag/AgCl (sat.KCl) and Pt wire were used as reference and counter 
electrode respectively. The electrolyte was deoxygenated by passing N2 gas through the 
electrolyte for 15 minutes before carrying out the test. Cyclic voltammetry were carried 
out at a potential between +0 and +1.25 V vs. Ag/AgCl. A precondition was carried out 
between these potentials for 10 cycles at 100 mV s
-1
. CV’s at different scan rates starting 
from 200 mV s
-1
 to 5 mV s
-1
 were carried out at room temperature and at 20 mV s
-1
 for 
higher temperatures. Total of 3 cycles were carried out and the third cycle was recorded 
whereby a stable CV was obtained. Current values were normalised to the total catalyst 
weight on the electrode. 
MEA with the prepared catalysts as anode were prepared using Nafion
®
 -115 membrane 
by the CCM method. Catalyst ink was prepared with catalyst, Nafion
®
 and ethanol 
solvent and sprayed directly on the membrane. Pt/C (20 wt.%) from Alfa aesar was used 
as cathode catalyst. The Nafion
®
 content on both electrodes was 15 wt.%. The Nafion
®
 
membrane was pre-treated with H2O2, H2SO4 and DI-water successively before use. The 
cell body was made up of gold coated titanium with 1 cm
2
 flow field area (Figure 2-15b). 
A gold coated Ti mesh and carbon paper (Torray) was used as current collector on the 
anode and cathode respectively. The MEA prepared was sandwiched between the current 
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collectors and assembled in the cell body with a torque of 2 N m. The anode and cathode 
catalyst loadings were ~1.8 - 2 mg cm
-2
 and ~ 0.5 mg Pt cm
-2 
respectively. 
DI water was pumped using a peristaltic pump to the anode side of the cell which was 
pre-heated to the required temperature by a heating rod and controller. The cathode was 
kept dry. The voltage applied and the current values were measured using power source 
(Thurlsby Thandar Instruments, PL3320). 
3.3 Result and Discussion 
3.3.1 Thermal stability 
The thermal stability of the support materials was studied using TGA analysis. It is 
important to understand the thermal stability of the support materials at temperatures of 
up to 600
o
C, as it is normally used for the preparation of the oxide catalyst and there is a 
possibility of thermal oxidation/decomposition of the support at high temperature. The 
TGA of some of the commercially available materials such as titanium carbide (TiC) 
(Alfa aesar, 30-50 nm APS powder), titanium nitride (TiN) (Sigma Aldrich, <3 μm), 
tungsten carbide (WC) (Sigma Aldrich, powder, 2 μm, 99%) indium tin oxide (ITO) (Alfa 
aesar, 17-28 nm) and antimony tin oxide (ATO) (Alfa aesar, 22-44 nm) are given in 
Figure 3-1. 
The TiC did not show any significant weight loss below 330
o
C. A slight weight loss 
(0.9224%) was observed below 330
o
C which might be due to desorption of water 
adsorbed on the surface. A significant weight gain (25%) from 330
o
C to 650
o
C indicates 
that oxidation of TiC starts at this temperature, forming TiO2 and CO2. Both 
stoichiometric and non-stoichiometric oxides (TiO2, Ti3O5, Ti2O3 and TiO) can be formed 
during the oxidation [188, 189]. The colour of the sample changed from black to white 
after the analysis indicating the TiO2 formation. TiN on other hand showed a much higher 
thermal stability up to 400
o
C. A weight gain was observed only above 400
o
C (29% up to 
820
o
C). WC showed thermal stability up to 500
o
C with an onset of oxidation > 500
o
C 
(17.65% weight gain up to 800
o
C). Even though the bulk oxidation occurred at the 
mentioned onset temperature for all samples, a surface oxidation will occur even at low 
temperature. It has been proposed that carbides replace oxygen from the air forming oxy 
carbides on  the surface before the bulk oxidation begins [190]. The TiO2 surface layer 
formed as a result of oxidation will reduce the conductivity of the support. ITO and ATO 
showed excellent thermal stability up to 800
o
C with no significant weight gain/loss. A 
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higher thermal stability of ITO and Pt supported ITO up to 1000
o
C was reported 
elsewhere [152]. ITO and ATO were selected as support material in this study. The ITO 
support is described in chapter 4.  
 
Figure 3-1. TGA of some of the common commercial support materials. 
 
3.3.2 Powder conductivity 
The conductivity (σ) measured at room temperature using the cell described in section 
2.3.1 gives a linear relationship between the thicknesses and resistance (Figure 3-2) for 
the catalyst powder samples. The conductivity was calculated from the slope of the plot 
using the equations ((2-14) and ((2-15) and is given in Table 3-2 .  
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Figure 3-2. Thickness (l) vs. resistance (R) plot of (a) IrO2 and (b) 60% IrO2-ATO. 
 
The conductivity of the pristine IrO2 (4.9 S cm
-1
) was 3 orders of magnitude higher than 
that of the ATO support (4.3×10
-3
 S cm
-1
). A conductivity of the same order of magnitude 
as that of the pristine IrO2 was reported elsewhere [111]. The conductivity of the 
supported catalyst decreased with a decrease in IrO2 loading (Figure 3-4) indicating that 
the conductivity was contributed mainly by the IrO2. A 60% IrO2 (1.4 S cm
-1
) loading has 
a conductivity of 3 orders of magnitude higher compared to the ATO support (4.3×10
-3
 S 
cm
-1
). It was thus clear that even though the support itself has lower conductivity, 
addition of IrO2 increases the conductivity of the supported catalyst particles 
significantly. An increase in conductivity of 5 orders of magnitude was observed for 60% 
Pt/TiO2 compared to TiO2 support elsewhere [191]. The resistivity in oxides was reported 
to mainly come from the inter grain region and the conduction mainly occurs by a 
‘hopping mechanism’ between the grains [111]. Thus, the conductivity depends on 
various factors such as the conductivity of individual particles, contact between the 
particles, their packing and applied pressure [115]. Compared to DSA type electrode, 
where the oxide film is formed on a metal support such as titanium, a powder catalyst 
system will have higher resistivity due to large number of grain regions [192]. Lodi et al 
[192] reported that, DSA electrode with cracked morphology of RuO2 has two orders of 
magnitude higher resistivity compared to compact RuO2 due to the breakdown of 
conduction paths in the cracked morphology. The conductivity of the supported IrO2 for 
loading up to 60% IrO2-ATO was of the same order of magnitude to that of the pristine 
IrO2. Conductivity decreased by 10 times from 60% IrO2-ATO (1.4 S cm
-1
) to 40% IrO2-
ATO (2.0×10
-1
 S cm
-1
). The large conductivity at higher loading can be attributed to the 
higher IrO2 amount as well as the full coverage of ATO surface by the conductive IrO2 
 58 
 
58 Chapter-3. Investigation of supported anode catalyst for PEM water electrolyser 
forming a continuous network. Since conductivity of the ATO (4.3×10
-3
 S cm
-1
) was 3 
orders of magnitude lower than the pristine IrO2 (4.9 S cm
-1
), a partial coverage of the 
ATO by IrO2 will reduce the conduction network formed by the IrO2 (Figure 3-3) [193]. 
A similar behaviour in conductivity was also observed for ITO supported IrO2 (Chapter-
4). For the same reason of conductivity, a lower loading of below 20% is not being used 
in the DSA electrode, as TiO2 is non-conductive [55, 187]. The loss in conductivity of 
catalysts will contribute to the performance loss of the MEA in PEMWE [111]. 
 
Figure 3-3. Schematic of breakdown of electron conduction path due to the partial 
coverage of the support. 
 
Figure 3-4. Conductivity of the IrO2-ATO catalyst with respect to the IrO2 loading. 
 
Polonsky et al [162] reported a decrease by 10 orders of magnitude in conductivity of 
TaC from 118 S cm
-1
 after the Adams method of synthesis and was attributed to the 
sodium-tantalum complex formation during the synthesis. No peaks other than for ATO 
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and IrO2 were found in XRD or EDX analysis in our system and it can be concluded that 
no side reaction occurred between the ATO and NaNO3.  
Assuming anode catalyst loading as 1-3 mg cm
-2
, the catalyst layer thickness will be 
around 5-10 μm. The ohmic drop by the catalyst will be thus approximately 0.05-0.1, 0.5-
1, 5-10 and 50-100 mV at 1 A cm
-2
 for oxide resistivity’s of 0.1, 1, 10 and 100 Ω cm  
respectively [111]. Taking an acceptable ohmic drop on the anode electrode as 5-10 mV, 
Marshall et al [111] proposed a resistivity value of 10
  Ω cm-1 or less as acceptable 
conductivity for the anode catalyst in PEMWE. According to this, a loading of ≥ 40% 
IrO2-ATO can be used as anode catalyst in PEMWE without having significant Ohmic 
drop in the electrode. However, resistivity of the membrane and ionomer needs to be 
considered in real electrolyser operation. 
3.3.3 XRD 
The XRD plot of the pristine IrO2 and the ATO support is given in Figure 3-5. The ATO 
showed the characteristic peaks of SnO2 (JCPDS-041-1445) at 26.6, 33.9, 38.0 and 51.8
o
. 
No peaks of Sb2O5 were observed in ATO due to the entrance of Sb2O5 (10 wt.%) dopant 
in the SnO2 lattice [185]. The IrO2 showed the rutile structure with characteristic peak at 
28.0, 34.7 and 54.1
o
 (JCPDS-015-0876). The peaks of ATO were sharp and narrow 
compared to IrO2, indicating a larger crystallite size of the ATO particles. The 
characteristic peaks of IrO2 and SnO2 in the supported catalysts are shown in Figure 3-6 
for 60% IrO2-ATO as representative example. 
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Figure 3-5. XRD spectra of (a) ATO support and (b) unsupported IrO2. 
 
 
Figure 3-6. XRD spectra of 60% IrO2-ATO showing characteristic peaks of IrO2 and 
SnO2. 
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The XRD of the supported catalysts with different IrO2 loading is compared in Figure 
3-7. The intensity of the IrO2 peaks disappear gradually and SnO2 peaks becomes 
prominent with the increase of the ATO wt.%. Two separate peaks for SnO2 and IrO2 
were clear but were closely positioned. No shift in IrO2 and SnO2 peak position with 
composition was observed. This indicates that IrO2 and ATO were present as separate 
phase and a single phase solid solution between the IrO2 and SnO2 was not formed. SnO2 
has a rutile structure similar to IrO2 and the ionic radii of Ir
4+ 
(0.077 nm) is close to that of 
Sn
4+ 
(0.083 nm) [111]. According to Hume-Rothery theory, a solid solution/meta stable 
solution formation between the two oxides is possible. The solid solution formation was 
reported to help in the adhesion between the catalyst and the support and increase the 
stability of supported catalyst as in DSA electrode [182, 194-196]. Since the ATO was 
added as single phase to the Ir precursor for the synthesis of supported catalyst, an atomic 
level interaction between the two to form solid solution is unlikely whereas in an alloy 
catalyst preparation the both Ir and Sn precursor interact each other before the calcination 
and forms solid solution during the calcination. 
 
Figure 3-7. XRD of IrO2-ATO at different IrO2 loading. 
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Since the IrO2 and SnO2 peaks were closely positioned, a peak fitting (lorrenzian model) 
was adapted to de-convolute the peaks for all supported catalysts as given in Figure 3-8. 
The crystallite size calculated using the model is given in Table 3-1. The average 
crystallite sizes were calculated from the peaks at 28
o
 and 34.7
o
 for IrO2 (Table 3-2) and 
26.6
o
 and 33.9
o
 for SnO2. The evolution of crystallite size with IrO2 loading is plotted in 
Figure 3-9. The pristine IrO2 showed an average crystallite size of 6 nm which decreased 
with decrease in IrO2 loading up to 60% IrO2-ATO and starts increasing on reducing IrO2 
loading further (Figure 3-9). The lowest IrO2 crystallite size was obtained for 90% IrO2-
ATO (3.8 nm). The lower crystallite size for supported catalysts indicates that the support 
affects the crystallisation of IrO2. Better particle dispersion on the support might have 
been achieved giving rise to smaller particles. The increase in crystallite size at lower 
IrO2 loading may be explained based on the nucleation sites available for the crystallite 
formation [162]. Pure IrO2 is formed as a homogenous phase where it has to cross a 
significant energy barrier for the formation of the first IrO2 nucleation site, whereas a 
supported catalyst is a heterogeneous system whereby may IrO2 nucleation sites are 
formed on the support. The energy barrier in the latter case is lower than the former. Once 
a nucleation centre is formed, it is energetically favourable for IrO2 to grow on it. At 
lower loading the first nucleation centre is formed easily due to the lower activation 
energy for the first IrO2 crystallite formation and subsequently IrO2 grows on it leading to 
a large particle size [162]. The average crystallite size of SnO2 did not change 
significantly with composition and had more or less same crystallite size (22-24 nm) 
(Figure 3-9).  
 
Figure 3-8. Representative example of the peak fitting of the XRD peak. 
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Table 3-1. Crystallite size of IrO2-ATO calculated using Scherrer equation. 
IrO2 
loading 
(wt. %) 
Crystallite 
size of IrO2 
/nm (28o) 
Crystallite 
size of IrO2 
/nm (34.7o) 
Average 
crystallite size 
of IrO2/nm 
Crystallite size 
of ATO /nm 
(26.6o) 
Crystallite 
size of ATO 
/nm (33.9o) 
Average 
crystallite 
size of 
ATO/nm 
100 5.7 6.3 6 ± 0.3 - - - 
90 3.1 4.6 3.8 ± 0.8 23.9 21.8 22.9 ± 1.1 
80 3.3 4.8 4.1 ± 0.8 24.3 22.9 23.6 ± 0.7 
60 3.5 4.6 4.1 ± 0.6 24.0 23.2 23.6 ± 0.4 
40 4.6 5.9 5.3 ± 0.7 23.6 22.7 23.2 ± 0.5 
20 5.3 6.4 5.9 ± 0.6 24.1 24.2 24.2 ± 0.1 
0 - - 23.2* 23.3 23.1 23.2 ± 0.1 
 
 
Figure 3-9. Average crystallite sizes of IrO2 and ATO in IrO2-ATO catalysts calculated 
from the XRD using the Scherrer equation. 
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3.3.4 BET surface area 
The BET surface areas of the supported catalysts are given in Table 3-2. The pristine IrO2 
(112 m
2
 g
-1
) has BET surface area of approximately 3 times higher than the ATO support 
(20-40 m
2
 g
-1
). The BET surface area of the supported catalysts increased quite linearly 
with an increase in the IrO2 loading (Figure 3-10) except for 90% IrO2-ATO which 
showed a slightly higher BET surface area (126 m
2
 g
-1
) than the pristine IrO2 (112 m
2
 g
-1
). 
The increases in BET surface area with the increase in the IrO2 loading indicates that the 
surface area was mainly contributed by the IrO2 with negligible contribution from the 
support. A BET surface area of 121 m
2 
g
-1
 was reported elsewhere for the pristine IrO2 
prepared by the Adams method [112, 162]. The large difference in the surface area of the 
support and the active catalyst will help in the dispersion of the active catalyst with full 
coverage on the support. It is very important to maintain a film of active component on 
the support to make catalyst electronically conductive as described in the section 3.3.2. A 
higher surface area for the 90% IrO2-ATO (126 m
2
 g
-1
) than the unsupported IrO2 (112 m
2
 
g
-1
) indicates that the IrO2 was well dispersed on the support forming small particles. It 
was clear from the XRD analysis that 90% IrO2-ATO has smaller crystallite (3.8 nm) 
compared to the pristine IrO2 (6 nm) (Table 3-2). The support material acts as nuclei for 
the dispersion and oxidation of IrO2 intermediate during the synthesis.  
It is important to know the surface area of the IrO2 deposited on the ATO without the 
contribution of the support, in order to have an idea of its dispersion on the support. For 
this, the BET surface area of the support by itself was subtracted from the surface area of 
the supported IrO2 catalyst normalised to IrO2 loading. The obtained normalised IrO2 
specific surface area is given in Table 3-2. Considering IrO2 as a hard sphere with 
diameter (‘t’ m) and density   (11.6 g cm-3) having specific surface area SSA (m2 g-1), 
and considering the BET surface area as equal to SSA, the particle size (t) can be 
calculated using equation ((3-2), 
   
 
     
 (3-2) 
The particle size so obtained is given in Table 3-2. The particle size calculated from the 
BET surface area is more or less same as the crystallite size calculated from the XRD 
indicating a good dispersion of the IrO2 on the support. Supported catalysts up to 60% 
IrO2-ATO showed a higher normalised surface area than the pristine IrO2 (112 m
2
 g
-
1
)(Table 3-2). The surface area decreased for loading < 60% IrO2-ATO. The 40% IrO2-
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ATO (76 m
2
 g
-1
) showed lower normalised surface area compared to the 60% IrO2-ATO 
(125 m
2
 g
-1
). The particle size calculated from the normalised BET surface area showed 
an increase in IrO2 particle size from 60% IrO2-ATO (4.1 nm) to 40% IrO2-ATO (6.8 
nm). 
Even though a higher surface area of support material is generally prescribed; it will be 
advantageous only when the support has higher or similar conductivity to that of active 
component. A higher surface area of poor conducting support will decrease the 
performance due to the overall decrease in conductivity of the catalyst layer. 
 
Figure 3-10. BET surface area of the IrO2-ATO catalyst with respect to IrO2 wt.%. 
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Table 3-2. Physical properties of IrO2-ATO catalyst with respect to IrO2 loading. 
#
 data 
from the manufacturer, * crystallite size of SnO2. 
IrO2 loading 
(wt.%) 
Conductivity  
(S cm-1) 
BET surface 
area 
(m2 g-1) 
Average 
crystallite  
size of IrO2 (nm) 
BET surface area 
normalised to IrO2 
loading 
(m2 g-1) 
Particle size 
calculated from 
the BET surface 
area (nm) 
100 4.9 ± 0.5 112 ± 11 6 ± 0.3 112 ± 11 4.6 ± 0.5 
90 4.8 ± 0.5 126 ± 13 3.8 ± 0.8 137 ± 14 3.8 ± 0.4 
80 4.1 ± 0.4 109 ± 11 4.1 ± 0.8 129 ± 13 4.0 ± 0.4 
60 1.6 ± 0.2 87 ± 9 4.1 ± 0.6 125 ± 13 4.1 ± 0.4 
40  2.0 × 10
-1
 64 ± 6 5.3 ± 0.7 76.3 ± 8 6.8 ± 0.7 
20  8.6×10
-3
 48 ± 5 5.9 ± 0.6 79.4 ± 8 6.5 ± 0.7 
0 4.3×10
-3
 20-40
#
 23.2*  22.1 - 44 
 
3.3.5 XPS analysis 
The XPS peak analysis was carried out using Casaxps software (version 2.3.16). A typical 
survey spectrum of supported catalyst is given in Figure 3-11. The peaks of Sb 3d5/2 and 
O1s (530.1 eV) as well as Sn 3d3/2 and Ir 4p3/2 (496.2 eV) overlap each other. The 
distinguishable peaks of Ir were Ir 4d3/2 (313.65 eV), Ir 4d5/2 (298.1 eV) and Ir 4f peaks. 
The distinguishable peak for Sn was Sn 3d5/2 (487.19 eV). The survey spectra from 400 
eV to 600 eV of various catalysts prepared is compared in Figure 3-12. A gradual 
decrease in the Sb 3d3/2 and Sn 3d5/2 peaks can be seen with increase in IrO2 loading 
indicating coverage of the ATO surface by the IrO2. A Sn 3d narrow scan is given in 
Figure 3-13 and a gradual decrease in intensity can be seen with an increase in IrO2 
loading. This is in consistent with the XRD (Figure 3-7) whereby a similar increase in 
intensity of SnO2 with decrease in IrO2 loading was observed.  
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Figure 3-11.  XPS survey spectra of 80% IrO2-ATO. 
  
Figure 3-12. XPS survey spectra of various IrO2-ATO catalysts. 
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The Ir 4f scan of 90% IrO2-ATO is given in Figure 3-14. A similar peak fitting was 
reported elsewhere [111, 197]. Analysis of Ir 4f peak is difficult to due to considerable 
disagreement in the literature about the nature of 4f peaks [111, 197]. However the two 
pairs of peaks indicate the Ir is present in more than one valence state [111]. The 5
th
 peak 
located at ~67.58 eV was suggested to be due to the final state screening and was required 
to fit the peak properly [197]. The BE for Ir 4f5/2 (64.8 eV) and Ir 4f7/2 (61.9 eV) are 
higher than for the metallic Ir (60.9 eV for 4f7/2 and 63.8 eV for 4f5/2) and was assigned to 
Ir
4+
 chemical state in literature [111, 198-202]. The pair of peaks at ~63 eV and ~66.2 eV 
are higher BE than Ir 
4+
 and may be attributed an existence of higher oxidation state of Ir 
[199]. Slavcheva [200] and Hara et al [203] on other hand assigned the lower BE peak 
pair (61.9 eV) to Ir
3+
 and the higher BE peak pair (~62.9 eV) to Ir
4+
.  It is thus not 
possible to conclude exactly which Ir species is present due to the considerable 
disagreement in the literature [197]; however it is certain that all the Ir species present are 
oxidised Ir and no metallic Ir was present.  The Sn 3d5/2 peak at BE of 487.2 eV (484.6 
eV for Sn 3d5/2 in metallic Sn) represents SnO2 in a stoichiometric state [198, 201]. 
 
Figure 3-13. XPS spectra of the Sn 3d narrow scans of IrO2-ATO catalyst. 
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Figure 3-14. A typical Ir 4f narrow scan XPS spectra of IrO2-ATO catalysts. 
3.3.6 Morphology 
The SEM of the catalyst is given in Figure 3-15. It is not possible to distinguish between 
the ATO and IrO2 particles from the SEM picture. The pristine IrO2 showed a uniform 
aggregate morphology. All supported catalysts showed more or less similar morphology 
and no significant difference was observed on varying the IrO2 loading. 
 
Figure 3-15. SEM picture of IrO2-ATO catalyst (a) IrO2 (b) 80% IrO2-ATO (c) 60% IrO2-
ATO (d) 40% IrO2-ATO (e) 20% IrO2-ATO (f) ATO. 
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The Ir wt.% obtained from the EDX analysis of the supported catalysts is given in Table 
3-3. The loading was almost the same as that of precursor used and indicates that there 
was no material loss during the synthesis and washing stage of the catalyst preparation. 
Table 3-3. Ir composition in IrO2-ATO catalyst from the EDX analysis. 
Catalyst 
Ir wt.% obtained from 
EDX  
Ir wt.% required 
20% IrO2-ATO 17.9 ± 3.8 17.2 
40% IrO2-ATO 33.6 ± 3.6 34.3 
60% IrO2-ATO 50.3 ± 4.1 51.4 
80% IrO2-ATO 71.2 ± 2.4 68.6 
90% IrO2-ATO 76.2 ± 1.9 77.2 
 
TEM images of the samples are given in Figure 3-16. Particle sizes in the range of 3-6 nm 
can be seen for 90% IrO2-ATO whereas particle with two different sizes was observed for 
40% IrO2-ATO (Figure 3-16). Even though it is difficult to clearly distinguish between 
the IrO2 and ATO particles in TEM, a higher number of larger particles is clear for 40% 
IrO2-ATO which can be attributed to the large ATO nanoparticles. Crystallite size in the 
range of 22-24 nm for ATO was evident from the XRD analysis (Table 3-1). 
 
Figure 3-16. TEM images of (a) 90% IrO2-ATO (b) 40% IrO2-ATO. 
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3.3.7 Cyclic voltammetry  
The cyclic voltammogram (CV) of the pristine IrO2 in 0.5M H2SO4 and 85% H3PO4 at 
room temperature recorded at scan rate from 5 to 200 mV s
-1
 are given in Figure 3-17 and 
Figure 3-18 respectively. The CV’s showed characteristic shape of IrO2 with a narrow 
region at potential lower than +0.5 V and wider region above +0.5 V vs. Ag/AgCl 
indicating the high charge storage capacity of IrO2 [204]. The unsupported IrO2 and 
supported IrO2 give characteristic peaks of IrO2 at ~0.78 V and ~1 V (vs. Ag/AgCl) in 
85% H3PO4 attributed to the redox transition of Ir(III)/Ir(IV) and Ir(IV)/Ir(VI) (equation 
2-18) [75, 135-137]. A similar CV shape for IrO2 was reported in literature [76, 136, 
205]. The capacitance behaviour in the IrO2 comes from the pseudo-capacitance (due to 
the proton exchange reaction) and the standard double layer capacitance (due to the ion 
adsorption).  
 
Figure 3-17. CV of IrO2 in 0.5M H2SO4 at room temperature. 
 
The CV of ATO support in 85% H3PO4 is given in Figure 3-19. The CV showed 
capacitive behaviour without any distinguishable features during the anodic scan. A 
similar CV response for ATO was reported elsewhere [176, 181, 206]. The reduction 
peak lower than +0.5 V is due to the irreversible reduction Sn(II)/Sn(IV) and 
Sb(III)/Sb(V) and the hydrogen evolution reaction [187, 206]. A corresponding anodic 
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peak was not observed due to the irreversible nature of the reactions. Since it is difficult 
to oxidise Sn(II) and Sb(III) at lower anodic potential [187]. This in turn indicates that 
ATO is suitable at anodic potential and not at cathodic potential [187]. The charging 
current response obtained from the ATO at all potentials was approximately 10 times 
lower than that from the 20% IrO2-ATO (Figure 3-20), indicating that the current 
observed in IrO2-ATO mainly arises from the IrO2. 
 
Figure 3-18. CV of IrO2 with respect to scan rate in 85% H3PO4 at room temperature. 
Inset shows the linear relation between the current density vs. scan rate at 0.38 V. 
 
Figure 3-19. CV of ATO support in 85% H3PO4 at room temperature. 
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Figure 3-20. CV comparison of ATO with 20% IrO2-ATO and 40% IrO2-ATO in 85% 
H3PO4 at room temperature. 
 
The CV of IrO2 was symmetrical with respect to the zero current axes independent of the 
scan rate (Figure 3-18) suggesting a reversible reaction at the surface. The capacitance 
can be calculated from the CV using the equation ((3-3) and ((3-4). 
   
  
  
 
    
  
 
(3-3) 
     
  
  
     
(3-4) 
Where C is the capacitance (F),   is the current (A) and   is the scan rate (V s-1). A plot of 
  vs.   gives a straight line and the slope of which gives the capacitance (Figure 3-18 
inset). The anodic current value at 0.38 V, where no redox reaction observed, was used to 
calculate the capacitance using the equation ((3-4) and the capacitance obtained was 214 
mF cm
-2 
mg
-1
. The peak current for Ir(III)/Ir(IV) transition around ~0.75 V was plotted 
against the scan rate (Figure 3-21) and a linear plot was obtained as in Figure 3-18 inset. 
The capacitance calculated from the slope of this linear plot according to equation (3-4 
was 545 mF cm
-2 
mg
-1
. Though the proportionality between the current and scan rate is 
indicative of double layer capacitive behaviour, a peak will not be observed for pure 
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double layer capacitive behaviour. The linear relation indicates that the proton insertion 
reaction was not influenced by diffusion [207] and the reactants were confined at the 
interface [118, 208].  
The integration of the CV curve gives the voltammetric charge (q*) which represents the 
charging/discharging of the redox pseudo capacitance and the double layer capacitance. 
The voltammetric charge is thus a measure of the number of active sites available to 
exchange a proton with the solution. i.e. electrochemical active surface area [129, 209] 
and is often used in literature to indicate the electrochemical active surface area of the 
noble metal oxides [91, 129, 209]. The q* calculated for the supported catalysts are given 
in Table 3-4. The 90% IrO2-ATO (1990 mC cm
-2
 mg
-1
) and 80% IrO2-ATO (1840 mC 
cm
-2
 mg
-1
) gave higher voltammetric charge than the pristine IrO2 (1700 mC cm
-2
 mg
-1
). 
The active surface area for the supported catalyst from Figure 3-22 are in the order 90% 
IrO2-ATO > 80% IrO2-ATO > IrO2 > 60% IrO2-ATO > 40% IrO2-ATO > 20% IrO2-ATO. 
The higher active area of 90% IrO2-ATO and 80% IrO2-ATO is in agreement with the 
observation by Nikiforov et al [112] whereby a higher active surface area for 90% 
IrO2/Si-SiC in comparison to pristine IrO2 was obtained in 85% H3PO4 and was attributed 
to smaller IrO2 particles (~ 3 nm for 90% IrO2/Si-SiC compared to 5.5 nm for pristine 
IrO2) and better dispersion of IrO2 on the support.  
It is clear from the BET surface area analysis (Figure 3-10) that the 90% IrO2-ATO (126 
m
2
 g
-1
) has higher surface area compared to the pristine IrO2 (112 m
2
 g
-1
). The 80% IrO2-
ATO has smaller crystallite size (4.1 nm) as well as comparable BET surface area (109 
m
2
 g
-1
) and conductivity (4.1 S cm
-1
) to that of the pristine IrO2 (6 nm, 112 m
2
 g
-1
, 4.9 S 
cm
-1
) (Table 3-2). Normalising the voltammetric charge (q*) with the IrO2 loading gave a 
higher charge for all the supported catalysts compared to the pristine IrO2 (Table 3-4). 
The 60% IrO2-ATO showed the highest normalised voltammetric charge (2616 mC cm
-2
 
mg
-1
) which is ~1.5 times higher than that of the pristine IrO2 (1700 mC cm
-2
 mg
-1
). The 
higher normalised voltammetric charge on the supported catalysts indicate that the IrO2 
dispersion increased with a decrease in IrO2 loading [183] and can be attributed to the 
smaller particles and better dispersion of IrO2 on the support. This was supported by the 
XRD analysis whereby a lower IrO2 crystallite sizes for all the supported catalysts were 
observed (Table 3-1). 
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Figure 3-21. Peak current (~0.75 V) vs. scan rate plot of pristine IrO2 in 85% H3PO4 at 
room temperature.  
 
Figure 3-22. CV of IrO2-ATO with different IrO2 composition in 85% H3PO4 at room 
temperature and scan rate 20 mVs
-1
. 
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Table 3-4. Voltammetric charge of IrO2-ATO at room temperature in 85% H3PO4. Scan 
rate 20 mV s
-1
 
Electrode 
Voltammetric charge (q*) at room temperature 
(mC cm
-2
 mg
-1
)  
q* as measured q* normalised to IrO2 loading 
IrO2 1700 ± 85 1700 ± 85 
90% IrO2-ATO 1990 ± 100 2211 ± 111 
80% IrO2-ATO 1840 ± 92 2300 ± 115 
60% IrO2-ATO 1570 ± 79 2616 ± 131 
40% IrO2-ATO 980 ± 49 2450 ± 123 
20% IrO2-ATO 493 ± 25 2465 ± 123 
 
 
Since phosphoric acid doped PBI membrane was proposed to be a promising membrane 
for high temperature operation, the prepared catalysts were tested in 85% H3PO4 at 
temperatures up to 120
o
C. The electrode was placed into the electrolyte at room 
temperature and heated using a heating plate to the required temperature. A standard 
mercury thermometer was used to measure the temperature of the electrolyte. The 
reference electrode compartment was cooled by passing cold water through the outer 
jacket during high temperature operation. The CV of the pristine IrO2 and supported 
catalyst in 85% H3PO4 at various temperatures are given in Figure 3-23. The evolution of 
voltammetric charge (q*) with increase in temperature is given in Figure 3-24. It can be 
seen that as the temperature increased voltammetric charge decreased and the 
characteristic peaks of IrO2 diminish. The q* decreased to ~70% of its value at room 
temperature for the pristine IrO2. Since reaction kinetics is faster at high temperature, an 
increase in catalyst activity is expected [207]. An increase in the catalyst activity with 
increase in temperature was observed in the MEA analysis using IrO2 catalyst as anode 
(Nafion 115 membrane, 80
o
C, Pt/C cathode) (Figure 3-27).  So the decrease in active area 
with increase in temperature in CV cannot be attributed to the decrease in activity of the 
catalyst. It is difficult to identify an exact reason for the decrease in the active surface 
area with the increase in temperature. One of the possible reasons could be the decreased 
double layer capacitance with increase in temperature. Since adsorption is an exothermic 
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process, as temperature increases, the phosphate adsorption will decrease reducing the 
double layer capacitance. However the pseudo capacitance which is the major contributor 
to the voltammetric charge will increase with increase in temperature and thus 
voltammetric charge should increase with an increase in temperature. So the double layer 
capacitance will not be able to explain the decrease in the q*. Thus it may be concluded 
that a loss of the catalyst from the electrode occurred with increase in electrolyte 
temperature. 
Since direct heating was used for heating the electrolyte, this might have created a non-
uniform convectional movement of phosphoric acid making the catalyst come off the 
smooth tantalum electrode. In order to confirm this, a glass cell with an external jacket 
and provision to pass pre-heated oil through the cell was used to heat the electrolyte. This 
set up is likely to provide relatively uniform heating unlike a direct heating, avoiding the 
severe non-uniform convectional movement of phosphoric acid during the direct heating 
of the electrolyte. The CV of 80% IrO2-ATO obtained by using this set up is given in 
Figure 3-25 and the change in voltammetric charge (q*) with increase in temperature is 
given in Figure 3-26. An increase in the q* with increase in temperature up to 80
o
C is 
evident from the study which decreased at temperature > 80
o
C. The increase in q* up to a 
temperature of 80
o
C can thus be attributed to the increase in kinetics whereas the steep 
decrease at temperature > 80
o
C can be attributed to a loss of the catalyst from the 
electrode surface at high temperature. It has to be noted that Nafion
®
 used as a binder has 
a glass transition temperature of ~105
o
C [210] and so a higher temperature will reduce the 
binding ability of the Nafion which will accelerate the loss of the catalyst at high 
temperature. This could be the reason for the loss of the active surface area at temperature 
> 80
o
C. CV was also carried out after cooling the electrolyte and no increase in q* was 
observed confirming the assumption of the loss of the catalyst from the electrode. 
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Figure 3-23. CV at different temperature in 85% H3PO4 for (a) IrO2 (b) 80% IrO2-ATO 
(c) 60% IrO2-ATO (d) 40% IrO2-ATO. 
 
Figure 3-24. Voltammetric charge (q*) with respect to temperature of IrO2-ATO catalysts 
at 20mV s
-1
. q* is the voltammetric charge at the specific temperature and     is the 
voltammetric charge at room temperature. 
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Figure 3-25. CV of 80% IrO2-ATO with respect to temperature using the cell with 
external jacket and heated using pre heated oil. 
 
 
Figure 3-26. Voltammetric charge with respect to temperature for 80% IrO2-ATO using 
the cell with an external jacket and heated using pre heated oil. 
 
Due to the time limitation of the PhD project, further studies on high temperature CV 
were not able to be carried out. However an increase in activity with temperature is 
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evident from Figure 3-26. A new experimental set up would need to be designed with a 
provision to have uniform heating of the electrolyte up to a temperature of 150
o
C in order 
to study the CV at high temperature. A thermally stable binder such as PTFE solution 
may be adopted to study any effect of the binder on the performance of the catalyst at 
high temperature. 
3.3.8 MEA Performance  
Membrane electrode assemblies (MEA) were prepared with Nafion-115 membranes using 
the CCM method as described in the experimental section 3.2.1 in order to evaluate the 
performance of the catalyst in electrolyser operation. The polarisation plot of the MEA 
with pristine IrO2 anode catalyst at various temperatures is given in Figure 3-27. The 
current densities at 1.8 V for 25
o
C, 50
o
C, 80
o
C were 497, 856 and 1344 mA cm
-2
 
respectively for the IrO2. The current density @1.8 V and 80
o
C was ~2.7 times higher 
than at 25
o
C and can be attributed to the faster electrode kinetics and increased Nafion
®
 
conductivity with increase in temperature [193, 211]. Since at high current density, ohmic 
resistance and bubble formation influence the performance [141, 212], a low current 
density of 0.1 A cm
-2
 was used to compare the performance of the anode catalyst and the 
cell voltage at 0.1 A cm
-2
 for IrO2 anode catalysts at different temperatures are given in 
Table 3-5. The cell potential @ 0.1 A cm
-2
 decreased by 120 mV on increasing the 
temperature from 25
o
C (1.62 V) to 80
o
C (1.5 V). The voltage at 1 A cm
-2
 (which involves 
ohmic and bubble effect) gives an idea of the performance under real electrolyser 
condition. The cell voltage @ 1A cm
-2
 for IrO2 at 25
o
C and 80
o
C were 1.99 V and 1.73 V 
(260 mV decrease) respectively (Table 3-5). The voltage value in literature for IrO2 based 
catalysts with loading of 1.5 - 3 mg cm
-2
 using a Nafion-115 membrane range from 1.65 - 
1.8 V at 1 A cm
-2 
at 80
o
C [86, 141, 213, 214]. The performance of MEA with IrO2 anode 
at 1 A cm
-2
 and 80
o
C (cell voltage 1.73 V) equates to a cell efficiency (   ) of 68.4% 
(Appendix 8.3). 
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Table 3-5. MEA performance of IrO2 anode catalyst at different temperature. 
Temperature 
(oC) 
Voltage  
@ 0.1 A cm-2 
 (V) 
Voltage  
@ 1A cm-2 
(V) 
Current density  
@ 1.8 V 
 (mA cm-2) 
Efficiency  (   )  
@ 1 A cm-2 
Energy consumption 
@1A cm-2  
(kWhNm-3) 
25
o
C 1.62 1.99 497 61.8 4.8 
50
o
C 1.57 1.83 856 66.0 4.4 
80
o
C 1.5 1.73 1344 68.4 4.1 
 
 
Figure 3-27. Effect of temperature on the MEA polarisation of IrO2 anode. Nafion-115 
membrane, Pt/C (20%) cathode. Temperature 80
o
C and ambient pressure. 
MEAs prepared with IrO2-ATO with various IrO2 loading at 80
o
C are compared in Figure 
3-28. The unsupported IrO2 and 90% IrO2-ATO gave the best performance among all the 
tested MEAs with a potential of 1.73 V at 1 A cm
-2
 which equates to a cell efficiency of 
(εΔG) of 68% and energy consumption of 4.1 kWhr Nm
-3 
H2 at 80
o
C. The 80% IrO2-ATO 
gave slightly lower performance (1.74 V@ 1A cm
-2
) compared to that of unsupported 
IrO2 (1.73 V @ 1 A cm
-2
). The performances of various MEAs are tabulated in Table 3-6. 
The pristine IrO2 showed a current density of 1341 mA cm
-2
 at 1.8 V and decreased with 
decrease in IrO2 loading except for 90% IrO2-ATO which showed a higher current 
density (1327 mA cm
-2
 @ 1.8 V) than the pristine IrO2. The current density at 1.8 V 
normalised to IrO2 loading is also given in Table 3-6. The normalised current density 
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@1.8 V increased with a decrease in IrO2 loading up to 60% IrO2-ATO and decreased 
with a further decrease in IrO2 loading. The 60% IrO2-ATO (1625 mA cm
-2
 @1.8 V) has 
normalised current density about 1.2 times higher than that of the pristine IrO2. This 
indicates that the performance of the supported catalysts up to 60 wt.% IrO2 loading is 
better than that of the pristine IrO2. The performance decreased for 40% IrO2-ATO 
(normalised current density 1133 mA cm
-2
@ 1.8 V) and can be attributed to the low 
conductivity (2×10
-1
 S cm) and large crystallite size (5.3 nm) for 40% IrO2-ATO 
compared to IrO2 loading > 60 wt.% IrO2 (Table 3-2).  
The cell voltage at low current density of 100 mA cm
-2
 where ohmic resistance and 
bubble effects does not significantly influencing the MEA performance is used to 
compare the performance of the anode catalyst. The cathode performance can be 
considered equal for all MEA especially at low current density due to the faster kinetics 
of HER on Pt electrode. A cell voltage of 1.5 V was observed for the pristine IrO2, 90% 
IrO2-ATO and 80% IrO2. The 60% IrO2-ATO showed only 50 mV (1.55 V @ 0.1 A cm
-2
) 
lower voltage compared to the pristine IrO2 (1.5 V @ 0.1 A cm
-2
). The difference between 
the cell voltage @ 0.1 A cm
-2
 and 1 A cm
-2
 increased from 230 mV (90% IrO2-ATO) to 
330 mV for 40% IrO2-ATO (Table 3-6) indicating a higher ohmic drop at lower IrO2 
loading. The powder conductivity analysis (Table 3-2) showed a decrease in conductivity 
with decrease in IrO2 loading.  
The relatively good performance of 60% IrO2-ATO (1.55 V@ 0.1 A cm
-2
) which equates 
to an efficiency of 66% and energy consumption of 4.3 kWhr Nm
-3 
H2 at 80
o
C compared 
to pristine IrO2 (1.50 V @0.1 A cm
-2
) with 68% efficiency and 4.1 kWhr Nm
-3 
H2 at 80
o
C 
is a significant achievement in terms of the cost of electrocatalyst as the precious IrO2 can 
be reduced by about 40 wt.% by utilising the support. The energy consumption of 
commercial electrolysers normally ranges from 3.9 to 7 kWhr Nm
-3 
H2 (Appendix 8.7). 
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Figure 3-28. MEA polarisation of IrO2-ATO catalyst at 80
o
C (Nafion
®
 -115 membrane, 
Pt/C (20 wt.%) cathode). 
 
Table 3-6. MEA performance of IrO2-ATO at various IrO2 loading at 80
o
C. 
 IrO2 
loading 
(wt.%) 
Current density  
@1. 8V  
(mA cm-2) 
Current density@1.8 
V normalised to IrO2 
loading (mA cm-2) 
Cell voltage 
@1A cm-2  (V) 
Cell 
voltage  
@ 0.1 A 
cm-2 (V) 
Efficiency  
(   )  
@ 1 A cm-2 
Energy 
consumption 
@1 A cm-2 
kWhNm-3 
100 1341 1341  1.73 1.50 68 4.1 
90 1327 1474  1.73 1.50 68 4.1 
80  1266 1583  1.74 1.50 68 4.2 
60 975 1625  1.80 1.55 66 4.3 
40  453 1133  1.96 1.63 60 4.7 
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3.4 Conclusion 
ATO nanoparticles (22-44 nm) were studied as a support material for IrO2 in PEMWE 
anode. A modified Adams method was adapted for the synthesis. The supported catalysts 
showed lower crystallite size compared to pristine IrO2. A gradual increase in the 
intensities of the SnO2 peaks with a decrease in IrO2 loading was also clear from XRD 
(Figure 3-7) and XPS analysis (Figure 3-12) indicating a coverage of ATO support by the 
IrO2. Both the powder conductivity and the BET surface analysis increased with an 
increase in IrO2 loading indicating that the conduction and the surface area were 
controlled primarily by IrO2. The surface area of ATO (20-40 m
2 
g
-1
) was ~3 times lower 
than that of unsupported IrO2 (112.7 m
2
 g
-1
) whereas the conductivity of ATO (4.29×10
-3
 
S cm
-1
) was 3 orders of magnitude lower than that of pristine IrO2 (4.92 S cm
-1
). However 
a loading of ≥ 60% IrO2-ATO gave conductivity of the same order of magnitude to that of 
unsupported IrO2, indicating that the IrO2 forms a continuous electrical network at ≥ 60% 
IrO2-ATO loading below which a significant decrease in conductivity was observed. A 
continuous film of conducting IrO2 is required to be formed on the support in order to 
maintain the bulk conductivity of the catalyst. The crystallite size of IrO2 (~6 nm) was ~4 
times lower than that of ATO particle (~21-23 nm).  
Electrochemical characterization in 85% H3PO4 at room temperature showed 
characteristic peaks of IrO2 and the IrO2 loading ≥ 80% IrO2-ATO showed better 
performance than unsupported IrO2 indicating a higher active surface area for these 
compositions. The voltammetric charge normalised to IrO2 loading showed a higher 
voltammetric charge (q*) for all the supported catalysts indicating that the supported 
catalysts have higher active surface area than the pristine IrO2. A decrease in active area 
was observed in the CV analysis with increase in temperature. This was attributed to a 
loss of the active catalyst from the electrode rather than the decrease in activity of the 
catalyst. The loss of the catalyst may be attributed to the non- uniform heating effect and 
poor binder stability at high temperature. An increase in activity up to 80
o
C was evident 
from the half-cell study and MEA analysis. MEA analyses with a Nafion-115 membrane 
and the prepared catalyst as anode electrode were also in agreement with the CV analysis. 
An IrO2 loading ≥ 60% IrO2 and above showed a better specific mass activity compared 
to unsupported IrO2 and the performance decreased on further decrease in IrO2 loading.  
It can be assumed from the analysis that, support effects in dispersion of the catalyst and 
maintaining bulk conductivity is important when preparing the supported catalyst. From 
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the analysis a 60% IrO2-ATO can be recommended as suitable catalyst for the PEMWE 
anode with a 40 wt.% reduction of precious metal oxide. 
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4 Chapter-4. ITO supported IrO2 as OER catalyst 
in PEMWE.  
Indium tin oxide (ITO) was studied as support material for IrO2 in a PEMWE anode. A 
modified Adams method was used to synthesis the catalysts. Physical and electrochemical 
characterizations of the catalysts were carried out using TGA, XRD, SEM, BET surface 
area and MEA polarisation. A 60 wt.% IrO2 supported on TiO2 was also studied and its 
MEA performance was compared with the IrO2-ITO catalysts. 
4.1 Introduction 
Precious metal catalyst based electrodes are one of the major cost enhancing factors in 
PEMWE. Reduction of the precious metal loading on the electrode is an important step 
towards the commercialisation of the water electrolyser technology. Supporting the active 
catalyst on a cheap support material is one of the strategies to reduce the precious metal 
loading on the electrode. Titanium carbide TiC [150, 157], tantalum carbide TaC [215]  
and silicon carbide-silicon SiC-Si [112] have been studied as OER catalyst supports. 
Higher activity and stability for Ir/TiC compared to Ir black was observed [17, 150]. The 
MEA performance increased with increased loading of Ir (10%, 20% and 40% Ir) for 
Ir/TiC catalysts [157]. But TiC forms non-conductive TiO2 layer at high anodic potential 
[158]. TaC  has a very low BET surface area (2.4 m
2
 g
-1
) and its electronic conductivity 
decreased by 10 orders of magnitude from 118 S cm
-1 
due to the formation of NaTaO3 
[162]. Ti sub-oxide with general formula TinO2n-1 (4 ≤ n ≤ 10) has a good conductivity 
around 1000 S cm
-1
 [152] and has been used as support material for ORR and OER 
catalysts [174]. But over long term polarisation at high anodic potentials, a non-
conductive TiO2 layer was formed on the surface limiting its use [175].  
Tin doped indium oxide (ITO) is a well-known transparent conducting oxide widely used 
as a thin coating film in LCD display, cathode ray tubes, solar cells and electro chromic 
devices [216, 217]. ITO is a non-stoichiometric oxide where the Sn atom replaces some 
of the In
3+
 atom in the indium oxide structure and gives rise to n-type conduction [218-
220]. The high electrical properties of ITO arise from the combination of conducting 
carrier-oxygen vacancies in the cubic In2O3 structure and the dopant (Sn
4+
) that is added 
to the In2O3 matrix.  
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Chhina et al [152] studied the electrochemical stability of an ITO supported Pt catalyst. 
40 wt.% of Pt was deposited on both ITO and Vulcan XC-72. The XRD analysis gave a 
particle size of 13 nm for Pt and 38 nm for the ITO support. The TGA analysis up to a 
temperature of 1000
o
C in air showed a good thermal stability for the pristine ITO with 
only 1 wt.% loss after 1000
o
C [152]. An electrochemical study in 0.5M H2SO4 showed 
that 40 wt.% Pt/ITO has good electrochemical stability up to +1.8 V vs. RHE compared 
to a carbon support counterpart [152]. The inert nature of ITO up to +1.8 V vs. RHE in 
1M HNO3 was also reported  elsewhere [221]. ATO was studied in the previous chapter 
and an improvement in the performance was observed. ITO has higher conductivity than 
ATO [220, 222]. Electrical conductivity of the order of 10
2
-10
3
 S cm
-1 
was reported for 
ITO [152, 222, 223] whereas ATO has reported conductivity of the order of 10-10
2
 S cm
-1
 
[224]. The aim of this work is to use ITO nanoparticles as a support material for the IrO2 
catalyst and study any effect of the support conductivity on the performance of the 
catalyst.  
 
4.2 Experimental: 
4.2.1 Synthesis of catalyst 
H2IrCl6.xH2O (Alfa aesar), tin doped indium oxide (ITO), 10 wt.% SnO2 (Alfa aesar, 17-
28 nm particle size and BET surface area 30-50 m
2
 g
-1
), NaNO3 (Alfa aesar) and 
isopropanol were used for the catalyst synthesis. 
IrO2 supported on ITO was prepared by the modified Adams fusion method. A required 
amount of support was well dispersed in isopropanol and to this H2IrCl6 solution was 
added drop wise while stirring followed by NaNO3. The mixture was stirred well and the 
solvent was evaporated slowly till dry. It was then transferred to a ceramic crucible and 
calcined at 500
o
C for 1 hour. The NaCl residue formed after the calcination was dissolved 
in DI water and the catalyst was washed with copious amount of DI water. A 60% IrO2 on 
TiO2 (anatase, particle size <25 nm, BET surface area 45-55 m
2
 g
-1
) was also prepared for 
comparison using the same method. The reactions in the Adams method are given by 
equations ((2-3) and ((2-4) [111]. 
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4.2.2 Characterization of the catalyst 
Physical characterization of the catalysts was carried out by XRD (section 2.2.1), SEM 
(section 2.2.3), TEM (section 2.2.5), EDX (section 2.2.4) and TGA (section 2.2.6). 
Powder conductivity was measured using the conductivity set up (section 2.3.1). 
The MEA was prepared by the CCM method on a Nafion
®
-115 membrane using the 
prepared catalyst as anode and commercial 20% Pt/C (Alfa aesar) as cathode. The 
membrane was pre-treated in 3% H2O2, 0.5M H2SO4 and DI water successively before 
use. The ink for spraying was prepared with the catalyst, Nafion
®
 ionomer and ethanol. It 
was then sprayed directly on to the membrane using a spray gun. The Nafion
®
 content on 
both electrodes was 15 wt.%. The cell body was made up of titanium with 1 cm
2
 flow 
field area. A gold coated titanium mesh and carbon paper (Toray) was used as gas 
diffusion layers/current collectors on the anode and cathode respectively. The prepared 
CCM was sandwiched between the two gas diffusion layers forming the MEA and 
assembled in the cell body with a torque of 2 N m.  
DI water was pumped using a peristaltic pump to the anode side of the cell. The cell was 
heated to the required temperature using two heating rods and temperature controllers 
(Figure 2-15). The cathode was kept dry as there will be water transfer to cathode through 
electro osmotic drag (movement of water accompanying with proton transfer under a 
potential difference). Cell polarisation was carried out in a potentiostatic mode using a 
power source (Thurlsby Thandar instruments, PL3320). 
4.3 Result and Discussion: 
4.3.1 XRD 
The XRD spectra of the IrO2 and ITO support is given in Figure 4-1 showing highly 
crystalline structures. The peaks were identified to be rutile structure for IrO2 (JCPDS: 
015-0870) and cubic for ITO (JCPDS: 006-0416). The XRD spectra of 60% IrO2-ITO is 
given in Figure 4-2 as representative example showing the characteristic peaks of IrO2 
and ITO in the supported catalysts. The XRD of supported catalysts with various IrO2 
loading is compared in Figure 4-3. The strong peak at 30.57
o
 is the (222) peak for In2O3 
(JCPDS: 6-0416) from ITO. The (222), (400), (440) and (622) peaks of ITO were intense 
and clearly visible in all the supported catalysts except for the 90% IrO2-ITO. A 
broadening of the IrO2 (110) and (101) peak was observed for 90% IrO2-ITO compared to 
other supported catalysts indicating that 90% IrO2-ITO has smaller IrO2 crystallites. 
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Smaller crystallites usually have more crystal lattice defects which are mostly the high 
active sites. Smaller crystallites thus increase the density of the active sites and 
subsequently reduce the electrode over potential [150]. Since the characteristic peaks of 
ITO and IrO2 were present separately in the XRD and no change in peak position was 
observed with respect to composition, it may be assumed that the IrO2 forms a physical 
mixture with ITO and no solid solution was formed between the two oxides [194].  
 
Figure 4-1. XRD spectra of IrO2 prepared and ITO commercial. 
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Figure 4-2.  XRD spectra of 60% IrO2-ITO showing the characteristic peaks of IrO2 and 
In2O3. 
 
Figure 4-3. XRD spectra of IrO2-ITO at various IrO2 loading. 
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Average crystallite sizes of the IrO2 on the supported catalysts were calculated from the 
Scherrer equation (equation 2.9) using the two major peaks at 28
o
 and 34.5
o
 and are given 
in Table 4-1. The peak at 30.6
o
 was used for the crystallite size calculation of ITO. The 
average IrO2 crystallite sizes in pristine IrO2 and 90% IrO2-ITO were 6.0 nm and 5.0 nm 
respectively. The pristine ITO showed crystallite size of 30.5 nm which is more or less 
the same as the particle size given by the supplier (28 nm). The crystallite size of ITO 
(30.5 nm) was 5 times larger than that of IrO2 (6 nm). A steep increase in the crystallite 
size was observed from 90% IrO2-ITO (5 nm) to ≤ 60% IrO2-ITO (47-50 nm). A lower 
crystallite size at lower IrO2 loading was observed for IrO2-ATO catalysts in the previous 
chapter and was explained based on the dispersion of the IrO2 on the ATO support 
forming smaller crystallites. The lower IrO2 crystallite size obtained for 90% IrO2-ITO (5 
nm) compared to pristine (6 nm) is in quite agreement with the results of IrO2-ATO 
catalysts (Chapter 3). However in contrary to IrO2-ATO catalysts, a steep increase in IrO2 
crystallite size of ~9 times for 60% IrO2-ITO (47.2 nm) compared to 90% IrO2-ITO (5 
nm) was observed for IrO2-ITO. This is quite unusual and it may imply that an 
agglomerate of IrO2 was formed on the ITO support for loading < 90% IrO2-ITO and the 
IrO2 might have formed islands on the ITO instead of forming a continuous network. The 
IrO2 agglomeration will reduce the electronic conduction network as well as the surface 
area which was confirmed from the conductivity and surface area analysis (Table 4-1) 
and is discussed in the section 4.3.3 and section 4.3.4 respectively. It is difficult to 
identify the exact reason for agglomeration. It may assumed to be mainly due to a lack of 
proper precursor mixing during the synthesis resulting in a low interaction between the 
catalyst and the support. Since the dispersion of the active catalyst occurs during the 
precursor mixing stage prior to the calcination, it is important to maintain a good mixing 
in order to obtain a good dispersion. 
4.3.2 Morphology 
The morphology of the supported catalyst was studied using SEM and TEM. The SEM 
images of the catalyst are given in Figure 4-4. The pristine IrO2 (Figure 4-4a) showed 
good uniform morphology whereas the supported catalysts showed a slightly different 
morphology. It is difficult to distinguish between IrO2 and ITO in the supported catalyst 
from the SEM. The 40% IrO2-ITO showed some agglomeration as clear from Figure 
4-4(c). A lower conductivity and higher crystallite size (6.9×10
-3
 S cm
-1
, 50.1 nm) of the 
40% IrO2-ITO compared to the 20% IrO2-ITO (2×10
-2
 S cm
-1
, 47.2 nm) was clear from 
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the XRD and the conductivity analysis (Table 4-1) which may be attributed to the IrO2 
agglomeration. 
 
Figure 4-4. SEM micrograph of (a) IrO2 (b) 60% IrO2-ITO (c) 40% IrO2-ITO (d) 20% 
IrO2-ITO. 
TEM images showed very uniform particle distribution for the IrO2 and 90% IrO2-ITO 
(Figure 4-5). A particle size of 3-4 nm was obtained for IrO2 and 90% IrO2-ITO and is 
more or less same as the crystallite size calculated from the XRD (5-6 nm) (Table 4-1). It 
is difficult to distinguish between the IrO2 and ITO from the TEM. The 60% IrO2-ITO 
showed both small and large particles. The large particles can either be IrO2 agglomerate 
or the ITO support. Since XRD gave crystallite size of around 47.2 and 30.5 nm 
respectively for IrO2 in 60% IrO2-ITO and ITO, it is difficult to specifically assign the 
large particle to one of them.  
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Figure 4-5. TEM images of (a) IrO2 (b) 90% IrO2-ITO (c) 60% IrO2-ITO. 
 
4.3.3 Electronic conductivity 
The conductivity measured using the cell described in section 2.3.1 gives a linear 
relationship between the thicknesses vs. resistance for all samples (Figure 4-6). The 
conductivity was calculated from the slope of the linear plot using equations (2-14) and 
(2-15). The conductivities obtained are given in Table 4-1. 
IrO2 showed the highest conductivity amongst all samples (4.9 S cm
-1
) which is three 
orders of magnitude higher than that of the ITO support (6.3×10
-3 
S cm
-1
). The 
conductivity decreased by 10 times whereas the crystallite size decreased by ~9 times 
from 90% IrO2-ITO (3.5 S cm
-1
, 5 nm) to 60% IrO2-ITO (1.3×10
-1
 S cm
-1
, 47.2 nm). The 
significant decrease in conductivity at IrO2 loading < 90% IrO2-ITO can be attributed to 
IrO2 agglomeration as discussed in section 4.3.1. The 40% IrO2-ITO (6.9×10
-3
 S cm
-1
) 
showed a lower conductivity than 20% IrO2-ITO (2×10
-2
 S cm
-1
) though the IrO2 content 
is higher in 40% IrO2-ITO. This may be attributed to the much higher agglomeration on 
this composition as clear from SEM (Figure 4-4) whereby larger particles are seen on 
40% IrO2-ITO compared to 20% IrO2-ITO. On comparing the conductivity of the IrO2-
ITO catalyst with the conductivity of the IrO2-ATO (chapter 3), it is clear that a 
significant decrease in conductivity is obtained for IrO2 loading < 60 wt. % on both the 
ITO and the ATO supported IrO2 catalyst. A decrease in conductivity of one order of 
magnitude was observed for ATO supported IrO2 from 60% IrO2-ATO (1.6 S cm
-1
) to 
40% IrO2-ATO (2×10
-1
 S cm
-1
) whereas for ITO supported catalysts, a decrease in 
conductivity of two orders of magnitude was observed from 60% IrO2-ITO (1.3×10
-1
 S 
cm
-1
) to 40% IrO2-ITO (6.9×10
-3
 S cm
-1
). The larger difference is conductivity decrease 
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in the case of the ITO supported catalyst can be attributed to a significantly higher 
agglomeration of it.  Since the conductivity is predominantly contributed by the IrO2 
particles, any IrO2 agglomeration on the support will reduce the continuous IrO2 network 
decreasing the overall conductivity of the supported catalyst. Since the conductivity of the 
ITO support (6.3×10
-3
 S cm
-1
) is much lower than the IrO2 (4.9 S cm
-1
), it is very 
important to maintain good electrical conductivity by forming a continuous IrO2 network 
on the support.  
 
Figure 4-6. Resistance vs. thickness plots of the IrO2-ITO catalyst powder. 
 
4.3.4 BET surface area 
The BET surface area was used to measure the N2 adsorbed surface area of catalyst 
dispersed on the ITO nano particle. Pristine IrO2 gave a higher surface area of 112 m
2
 g
-1
 
compared to the ITO supported material (35 m
2
 g
-1
). A BET surface area of 121 m
2
 g
-1
 
was reported elsewhere for IrO2 prepared by the Adams method [112, 162]. The BET 
surface area of the supported catalysts increased with increase in the IrO2 loading (Figure 
4-7) indicating that the surface area was contributed mainly by IrO2. The 90% IrO2-ITO 
showed a higher BET surface area (122.5 m
2
 g
-1
) than the pristine IrO2 (112.8 m
2
 g
-1
) and 
thus can be attributed to lower IrO2 crystallite size (5 nm compared to 6 nm for pristine 
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IrO2) and better dispersion on the support. A higher BET surface area for 90% IrO2-ATO 
(126.5 m
2
 g
-1
) compared to pristine IrO2 (121 m
2
 g
-1
) was obtained in the previous chapter 
(Chapter 3) with a decrease in crystallite size from 6 nm (for pristine IrO2) to 3.8 nm (for 
90% IrO2-ATO). 
 
Figure 4-7. BET surface area of the supported catalyst with respect to the IrO2 loading. 
 
The steep decrease in the surface area from 90% IrO2-ITO (122.5 m
2
 g
-1
) to 60% IrO2-
ITO (58.1 m
2
 g
-1
) was mainly because of the higher IrO2 particle size in 60% IrO2-ITO 
(47.2 nm) compared to 90% IrO2-ITO (5 nm) caused by agglomeration of IrO2 as 
mentioned in the XRD (section 4.3.1) and conductivity (section 4.3.3) analysis. 
Correlating the decrease in surface area with the corresponding increase in crystallite size 
and decrease in conductivity (Table 4-1) from 90% IrO2-ITO (122.5 m
2
 g
-1
, 5 nm, 3.5 S 
cm
-1
) to 60% IrO2-ITO (58.1 m
2
 g
-1
, 47.2 nm, 1.3×10
-1
 S cm
-1
), the IrO2 agglomeration on 
the ITO supported catalyst with loading < 90% IrO2-ITO can be confirmed. 
The BET surface area normalised to IrO2 loading is also given in Table 4-1 and the 
particle size was calculated from the normalised surface area considering IrO2 as a hard 
sphere using equation (3-2). The 90% IrO2-ITO showed the highest normalised surface 
area (132 m
2
 g
-1
). A steep decrease in the normalised surface area is clear on decreasing 
the IrO2 loading to 60% IrO2-ITO (74 m
2
 g
-1
) confirming the IrO2 agglomeration. The 
 96 
 
96 Chapter-4. ITO supported IrO2 as OER catalyst in PEMWE. 
particle sizes calculated from the surface area were significantly different from the 
crystallite size calculated from the XRD for IrO2 loading ≤ 60% IrO2-ATO. Since the 
particle size calculated from the surface area is by considering an ideal case of hard 
sphere, the large difference indicates that the IrO2 crystallites were agglomerated in 
reality for loading ≤ 60% IrO2-ITO. 
Table 4-1. Physical properties of the IrO2-ITO catalyst. 
*
 Values obtained from the 
supplier, 
#
 crystallite size of the support particle. 
Catalyst BET surface 
area  
(m
2
 g
-1
) 
Electronic 
conductivity 
 (S cm
-1
) 
Average 
crystallite size 
of IrO2 (nm) 
BET surface 
area normalised 
to IrO2 loading 
(m2 g-1) 
Particle size 
calculated 
from the 
BET surface 
area (nm) 
IrO2 112 ± 11 4.9 ± 0.6 6.0 ± 0.3 112 ± 11 4.6 ± 0.4 
90% IrO2-ITO 122.5 ± 12 3.5 ± 0.4 5.0 ± 0.4 132 ± 13 3.9 ± 0.5 
60% IrO2-ITO 58.1 ± 6 1.3×10
-1
  47.2 ± 1 74 ± 7 7 ± 0.8 
40% IrO2-ITO 46.4 ± 5 6.9×10
-3
 50.1 ± 1.2 42 ± 4 12.2 ± 1 
20% IrO2-ITO 35.2 ± 4 2×10
-2
 47.2 ± 1.7 9 ± 1 57.5 ± 6 
60% IrO2-TiO2 121 ± 12 3.8×10
-1
 4.0 ± 0.5 168 ± 17 3.1 ± 0.3 
ITO 35 ± 4 6.3×10
-3
 30.5 ± 0.4
#
  24 ± 2 
TiO2 45-55
*
 2.6×10
-6
 <25
*#
   
 
4.3.5 Cyclic voltammetry 
As mentioned in the chapter 4, the CV in 85% H3PO4 gives clearer redox peaks for IrO2. 
The CV of IrO2-ITO in 85% H3PO4 at room temperature is given in Figure 4-8. The 
unsupported IrO2 and supported IrO2 gives characteristic peaks of IrO2 at ~0.78 V and ~1 
V (vs.Ag/AgCl) in 85% H3PO4 and is attributed to the redox transition of Ir(III)/Ir(IV) 
and Ir(IV)/Ir(VI) (equation 2-18) [75, 135-137]. As mentioned in Chapter 3, the 
voltammetric charge (q*) is a measure of the number of active sites available to exchange 
proton with the solution. i.e. electrochemical active surface area [129, 209]. The q* 
calculated for the IrO2-ITO catalyst in 85% H3PO4 with 20 mV s
-1
 scan rate at room 
temperature is given in Table 4-2. The 90% IrO2-ITO was found to give higher 
voltammetric charge (2160 mC cm
-2
 mg
-1
) compared to pristine IrO2 (1700 m
2
 g
-1
) as in 
the case of the ATO supported IrO2 (Table 3-4). However a large active surface area 
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decreases can be seen for the IrO2 loading ≤ 60% wt.% unlike for the ATO supported 
catalyst counterpart (Table 3-4). The voltammetric charge was decreased by ~4.5 times 
for 60% IrO2-ITO from 90% IrO2-ITO (Table 4-2) compared to ~1.3 times decrease for 
ATO supported catalysts counterpart. This decrease can be attributed to the large 
crystallite size (47.2 nm) and lower electronic conductivity (1.3×10
-1
 S cm
-1
) of the 60% 
IrO2-ITO catalyst compared to the pristine 90% IrO2-ITO (5 nm, 3.5 S cm
-1
) (Table 4-1). 
The voltammetric charge normalised to the IrO2 loading was also given in Table 4-2. The 
normalised voltammetric charge is higher for 90% IrO2-ITO (2400 mC cm
-2
 mg
-1
) 
compared to the pristine IrO2 (1700 mC cm
-2
 mg
-1
). The normalised charge also showed a 
steep decrease to 60% IrO2-ITO (639 mC cm
-2
 mg
-1
) about ~3.7 times lower than that of 
90% IrO2-ITO (2400 mC cm
-2
 mg
-1
). This once again confirms the assumption of IrO2 
agglomeration on the ITO support. 
 
Figure 4-8. CV of IrO2-ITO catalyst at room temperature in 85% H3PO4 solution (Scan 
rate 20 mV s
-1
). 
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Table 4-2. Voltammetric charge of IrO2-ITO at room temperature in 85% H3PO4 
Catalyst Voltammetric charge (q*)  
(mC cm
-2
 mg
-1
) 
Voltammetric charge (q*) 
normalised to IrO2 loading 
 (mC cm
-2
 mg
-1
) 
IrO2 1700 ± 85 1700 ± 85 
90% IrO2-ITO 2160 ± 108 2400 ± 120 
60% IrO2-ITO 383 ± 19 639 ± 32 
40% IrO2-ITO 319 ± 16 797 ± 40 
20% IrO2-ITO 159 ± 8 795 ± 40 
 
4.3.6 PEMWE performance 
The MEA performance of IrO2-ITO with different IrO2 loadings at 80
o
C is compared in 
Figure 4-9 and the performance of the various MEA’s are tabulated in Table 4-3. The 
90% IrO2-ITO catalyst (1276 mA cm
-2
@ 1.8 V) showed more or less similar performance 
to that of the pristine IrO2 (1341 mA cm
-2
 @1.8 V) (Table 4-3). The 60% IrO2-ITO (524 
mA cm
-2
 @1.8 V) showed ~ 2.4 times lower current density compared to the 90% IrO2-
ITO (1276 mA cm
-2
@ 1.8 V). The current density @ 1.8 V normalised to IrO2 loading is 
also given in Table 4-3. The 90% IrO2-ITO showed a higher normalised current density 
(1418 mA cm
-2
@ 1.8 V) compared to the pristine IrO2 (1341 mA cm
-2
@ 1.8 V). The 60% 
IrO2-ITO (873 mA cm
-2
@ 1.8 V) showed ~1.6 times lower normalised current density 
compared to the 90% IrO2-ITO (1418 mA cm
-2
@ 1.8 V) (Table 4-3). The cell voltages of 
the MEA with the ITO supported IrO2 anode catalysts at current density of 100 mA cm
-2
 
were compared in order to evaluate the performance of the catalyst without significant 
ohmic and bubble formation effects. The cell voltages of the MEAs at 0.1 A cm
-2
 at 80
o
C 
are given in Table 4-3. The 90% IrO2-ITO and the pristine IrO2 showed a cell voltage of 
1.50 V @ 0.1 A cm
-2
 whereas the 60% IrO2-ITO showed a higher cell voltage of 1.61 V 
@0.1 A cm
-2
.  The difference in the cell voltage at 0.1 A cm
-2
 and 1 A cm
-2
 for 90% IrO2-
ITO and 60% IrO2-ITO were 240 mV and 320 mV respectively. The large difference in 
cell voltage at high current density can be attributed to lower electronic conductivity of 
60% IrO2-ITO (1.3×10
-1
 S cm
-1
) compared to the 90% IrO2-ITO (3.5 S cm
-1
) resulting in 
large ohmic drop at high current density. It is noticeable that the cell voltage differences 
for the IrO2-ATO counterpart at the same condition were 230 mV and 250 mV which 
may be attributed to the comparable conductivity of 60% IrO2-ATO (1.6 S cm
-1
) to that of 
90% IrO2-ITO (4.8 S cm
-1
). 
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From the Table 4-1, it was clear that 90% IrO2-ITO have comparable crystallite size, 
conductivity and surface area (5 nm, 3.5 S cm
-1
, 123 m
2
 g
-1
) to that of the pristine IrO2 (6 
nm, 4.9 S cm
-1
, 112.8 m
2
 g
-1
) which explains the similar performance of the 90% IrO2-
ITO (1.74 V@ 1 A cm
-2
) to that of pristine IrO2 (1.73 V@ 1 A cm
-2
). It can be assumed 
that the active IrO2 was well dispersed on the ITO support in 90% IrO2-ITO and support 
material assisted in the dispersion. A significantly lower performance for 60% IrO2-ITO 
can be attributed to their higher particle size (47.2 nm) compared to 90% IrO2-ITO (5 nm) 
and pristine IrO2 (6 nm) which produced particles of lower surface area and conductivity 
(Table 4-1). The results clearly indicate the effect of particle size and dispersion of the 
catalyst on the performance of the electrode. Larger particles have lower surface area and 
failed to provide a continuous electron conducting network on the support which in turn 
decrease the performance of the MEA. 
 
Figure 4-9. MEA polarisation of IrO2-ITO and 60% IrO2-TiO2 catalysts at 80
o
C. Nafion-
115 membrane, Pt/C (20 wt.%) cathode. 
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4.3.7 Effect of support conductivity 
In order to confirm the agglomeration and to understand the effect of conductivity of the 
support on the performance of the catalyst, a 60% IrO2 supported on a non-conducting 
TiO2 was prepared using the Adams fusion method. The anatase form of TiO2 was chosen 
as it was reported to give better performance than the rutile structure [173, 191]. The 
XRD spectrum of the prepared catalyst is given in Figure 4-10 and an anatase TiO2 
structure (JCPDS: 021-1272) was confirmed with characteristic peaks at 25.3
o
, 37.7
o
 and 
48
o
. An average crystallite size of 4 nm was obtained for IrO2 from the peaks at 28
o
 and 
34.5
o
.  
The MEA performance of the 60% IrO2-TiO2 anode is given in Figure 4-9. The 
performance of TiO2 and ITO supported IrO2 is compared in Table 4-3. The current 
density @ 1.8V for 60% IrO2-TiO2 (1094 mA cm
-2
 @1.8 V) was two times higher than 
that of 60% IrO2-ITO (524 mA cm
-2
 @1.8 V). The current density normalised to IrO2 
loading also showed two times higher current density for 60% IrO2-TiO2 (1823 mA cm
-2 
@1.8 V) compared to 60% IrO2-ITO (873 mA cm
-2
 @1.8 V). Table 4-1 compares the 
conductivity and crystallite sizes of the ITO and TiO2 supported IrO2 for the 60 wt.% IrO2 
loading. The conductivity of 60% IrO2-ITO (1.3×10
-1
 S cm
-1
) and 60% IrO2-TiO2 
(3.8×10
-1
 S cm
-1
) were of the same order of magnitude but the crystallite sizes were 
approximately 9 times lower for the latter (47.2 nm for 60% IrO2-ITO compared to 4 nm 
for 60% IrO2-TiO2). The BET surface area was ~2 times lower for 60% IrO2-ITO (58 m
2
 
g
-1
) compared to 60% IrO2-TiO2 (121 m
2
 g
-1
). An interesting observation is that, even 
though the conductivity of the ITO and TiO2 supports alone were 3 orders of magnitude 
different (6.3×10
-3
 S cm
-1
 for ITO and 2.6×10
-6
 S cm
-1
 for TiO2), a 60% IrO2 loading gave 
conductivity of the same order of magnitude which confirms the behaviour described in 
section 4.3.3, that the conductivity was predominantly contributed by IrO2. The cell 
voltage at current density of 100 mA cm
-2
 of 60% IrO2-TiO2 is compared with 60% IrO2-
ITO in Table 4-3. The 60% IrO2-TiO2 (1.53 V @0.1 A cm
-2
) showed 80 mV lower 
voltage compared to 60% IrO2-ITO (1.61 V @0.1 A cm
-2
).  
The large difference in the performance of MEA for ITO and TiO2 supported catalysts 
can thus be attributed to the difference in the crystallite size rather than to the 
conductivity. The smaller IrO2 crystallite size (4 nm) on the 60% IrO2-TiO2 gave a higher 
surface area (121 m
2
 g
-1
) compared to the lower surface area (58 m
2
 g
-1
) of 60% IrO2-ITO 
due to its larger IrO2 crystallite size (47.2 nm). An enhanced activity of 60% Ir-Ru 
catalyst supported on anatase TiO2, compared to an pristine Ir-Ru catalyst, was reported 
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elsewhere [173] and was attributed to better dispersion of the particle on the support 
surface giving rise to higher surface area. 
 
Figure 4-10. XRD spectra of 60% IrO2-TiO2. 
 
Table 4-3. MEA performance of IrO2-ITO catalyst. 
Anode 
catalyst 
 
Current 
density 
 @ 1.8 V 
(mA cm-2) 
Current density 
@ 1.8 V 
normalised to 
IrO2 loading  
(mA cm-2) 
Cell voltage  
@1A cm-2 (V) 
Cell voltage  
@0.1 A cm-2 
(V) 
Efficiency  
(   )  
@ 1 A cm-2 
Energy 
consumption 
@1A cm-2  
(kWhNm-3) 
IrO2 1341 1341 1.73 1.50 68 4.1 
90% IrO2-
ITO 
1276 1418 1.74 1.50 68 4.2 
60% IrO2-
ITO 
524 873 1.93 1.61 61 4.6 
60% IrO2-
TiO2 
1094 1823 1.78 1.53 67 4.3 
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4.4 Conclusions 
IrO2 nanoparticles were deposited in various loadings on commercially available ITO 
nanoparticles 17-28 nm in size using the modified Adam’s fusion method. The prepared 
catalysts were characterised using XRD, SEM, TEM, conductivity and MEA polarisation. 
The BET surface area of the support (35 m
2
.g
-1
) was 3 times lower than the pristine IrO2 
(112.7 m
2
.g
-1
) and increased with an increase in the IrO2 loading indicating that the 
surface area was contributed mainly by IrO2. The electrical conductivity of the catalyst 
also increased with the increase in IrO2 loading. A large agglomeration of the catalyst was 
observed for the loading ≤ 60% IrO2-ITO. This was mainly attributed to the lack of 
proper precursor interaction with the support during the synthesis. The 90% IrO2-ITO 
(1.74 V @1 A cm
-2
) gave similar performance to that of the pristine IrO2 (1.73 V 
@1Acm
-2
) in MEA polarisation tests which was attributed to a better dispersion of the 
active IrO2 on the electrochemically inactive ITO support in 90% IrO2-ITO, giving rise to 
lower particle size (5 nm) and higher surface area (123 m
2
 g
-1
) catalyst compared to 
pristine IrO2 (6 nm, 112 m
2
 g
-1
).  A significant decrease in the performance was observed 
for 60% IrO2-ITO (1.93 V@1 A cm
-2
) and was attributed to the large crystallite size (47.2 
nm) and lower surface (58 m
2
 g
-1
) compared to 90% IrO2-ITO (5 nm, 123 m
2
 g
-1
). Larger 
particle give low surface area and failed to form conducting network on the support. The 
effect of the conductivity of the support on the performance was studied by using poor 
conducting TiO2 (2.6×10
-6
 S cm
-1
) as support material. The 60% IrO2-TiO2 (1.78 V@1 A 
cm
-2
) showed better performance than 60% IrO2-ITO (1.93 V @1 A cm
-2
) and were 
comparable to 90% IrO2-ITO (1.74 V@1 A cm
-2
) confirming the effect of active catalyst 
particle size on the MEA performance. Comparing the conductivity of the 60% IrO2-ITO 
and 60% IrO2-TiO2, it may be concluded that the conductivity of the support itself is not 
significant as long as a conducting film of active catalyst formed on it and a 60% IrO2 
loading on TiO2 gives sufficient conductivity to the catalyst (3.8×10
-1
 S cm
-1
). Supported 
IrO2 will be promising catalyst at PEMWE anode with reduced precious metal loading if 
smaller active catalyst formed on the support with full coverage to provide conducting 
network on it.  
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5 Chapter 5. RuxNb1-xO2 catalyst for the oxygen 
evolution reaction in PEMWE 
This chapter describes the synthesis and characterization of RuxNb1-xO2 and IrxNb1-xO2 
catalyst. The physical and electrochemical characterization of the catalyst was carried 
out by XRD, SEM, conductivity and CV. The performance and stability of the as 
prepared catalysts were investigated in PEMWE. 
 Introduction 5.1
The oxygen evolution reaction (OER) on the electrolyser anode has a higher over 
potential compared to the hydrogen evolution reaction (HER) and is one of the major 
cause of energy loss in water electrolysis. A suitable catalyst is required for the reaction 
to occur on the anode and the cathode. IrO2 and RuO2 are found to be the most active 
catalyst for the OER [225]. RuO2 is the most stable oxide of Ru in a wide temperature 
range [226] and is widely used as an electrocatalyst in the chlor alkali industry [66]. It 
has good electronic conductivity [134] and high capacitance and thus used for 
electrochemical capacitors [97]. The high capacitance in RuO2 arises from the pseudo 
capacitance by the reaction of proton (H
+
) with the RuO2 at the interface [97].  
Most of the metal oxides electrodes reported for electrolysis process are based on 
dimensionally stable anode (DSA) electrode developed by  H. Beer in 1965 for the 
chlor-alkali industry [73]. In DSA type electrodes, metal oxides (RuO2 or IrO2) are 
formed on Ti metal substrates by thermal decomposition of their precursors. RuO2 is the 
most active catalyst for OER. However RuO2 is unstable in the anodic environment of 
an electrolyser and does not have long term stability [67]. It must be stabilised by 
addition of a second metal in order to be used for practical purposes. Mixtures of RuO2 
and IrO2 have been studied as anode catalysts and found to have considerable stability 
and activity [66]. The Ir0.6Ru0.4O2 has been found to show the best performance by 
Marshall et al [84]. However both IrO2 and RuO2 are expensive materials making the 
electrolyser systems expensive. Various non-noble metal oxides such as SnO2, TiO2, 
Ta2O5 were added to the RuO2 and IrO2 in view of increasing activity, stability and 
reduce the precious metal content [66, 84, 88, 227]. Increasing the number of 
components in the catalyst can lead to a finer morphology because of poor mixing and 
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can increase the surface area [97, 228-230]. Depending upon the effectiveness of the 
mixing and the calcination temperature used, different outcomes can be obtained in 
mixed oxides [231]. It can either form a solid solution or simply a physical mixture of 
both metal oxides [60]. Metal oxides with similar structure and ionic radii to RuO2 such 
as SnO2 or TiO2 may form a solid solution with RuO2 whereas oxides with different 
crystal structure such as Nb2O5 and Ta2O5 may not be able to form such a solid solution. 
However there are discrepancies in various reports regarding the solid solution 
formation. IrO2 & Ta2O5 was reported to be not forming solid solution because of the 
different crystalline forms of both [60], however some authors reported that at a certain 
composition, a solid solution between the two can be formed [232]. The discrepancies 
could be because of different conditions used for the preparation. The proper solid 
solution formation depends on various factors such as oxidation and precipitation 
kinetics of the two metal ions, the solvent used to mix the precursors, the heating rate 
etc. [231]. Also in many cases a bi-metallic system resulted in a surface, richer in one 
metal than the other [231]. 
A bimetallic catalyst of IrO2-Ta2O5 (70:30 mol %) was found to be most active and 
stable DSA electrode for OER [60, 232-240] and is widely used in commercial 
electrolyser cells. Ta2O5 is stable during anodic electrolysis and protects the Ti base 
metal from corrosion [60, 238]. The effect of calcination temperature on this 
composition was studied by Versesi et al [241]. At temperatures ≤350oC, the coating 
was found to be amorphous and crystallisation increases with an increase in temperature 
whereas at very high temperature ≥750oC, both IrO2 and Ta2O5 crystalline compounds 
separate from each other. At intermediate temperature IrO2 is present as crystalline 
compound with amorphous Ta2O5 [240-242]. IrO2 does not form a solid solution with 
Ta2O5 [241]. Since a lower IrO2 content was found to be increasing the resistance, the 
IrO2 content in DSA electrode is limited to ≥40% [243]. Recently Marshall et al [84] 
studied the effect of Ta2O5 addition to the Ir+Ru oxide system. The particle size and 
resistivity of the catalyst was found to increase with Ta content. MEA performance with 
Nafion -115 membrane at 80
o
C showed that the cell potential increased with Ta addition 
due to the inertness of Ta2O5 towards the OER. However it was concluded that 
approximately 20 mol% of Ta could be added to Ir-Ru mixed oxides without significant 
decrease in the activity and stability of the catalyst [84]. 
Nb2O5 is chemically similar to Ta2O5 but lower in cost [244] and have excellent anodic 
corrosion stability [245]. First DSA electrode containing Nb2O5 was developed by 
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Terezo et al [227] using the polymeric precursor method. It was found that 70:30 mol% 
ratio of Ti/RuO2-Nb2O5 yielded the highest anodic voltammetric charge (thus higher 
electrochemical active area) and the highest stability among the other compositions 
studied. RuO2 and Nb2O5 were present as two different crystal structures (rutile and 
orthorhombic) at 600
o
C calcination temperature and Nb2O5 was amorphous at 
calcination temperatures below 500
o
C [227, 243]. Low temperature processing is 
normally preferred for the preparation of high surface area and small particle size RuO2 
polycrystalline material [246]. 
In a study by Santana et al [225, 247] on DSA electrode, Nb2O5 was found to had a 
stabilizing effect on the Ru+Ti+Ce oxide system. They systematically substituted Nb2O5 
for CeO2 and found that the addition of Nb increased the stability of the catalyst. The 
effect of calcination temperature, precursor salt, molar ratios of the reducing agents for 
a IrO2-Nb2O5 DSA electrode has also been reported by Santana et al [243]. Sanatana et 
al [245] studied IrO2-Nb2O5 DSA electrode with 40, 45 and 50 mol% IrO2 for the 
electrochemical ozone production in acid electrolyte. It was reported that at a 
temperature of 450
o
C, the Nb2O5 was amorphous in nature [245]. Though normally IrO2 
forms crystalline structure at 450
o
C, due to the amorphous nature of Nb2O5, the 
bimetallic system showed amorphous nature. So the bimetallic system was considered 
as a mixture of crystalline and amorphous structure [245]. 
The objective of the study was to investigate the catalytic activity and stability of the 
RuO2-Nb2O5 and IrO2-Nb2O5 bimetallic system. To our knowledge a RuO2-Nb2O5 and a 
IrO2-Nb2O5 powder catalyst system for OER have never been studied before. The effect 
on the physical and electrochemical properties of a RuO2 and IrO2 catalyst by the 
addition of Nb2O5 was investigated. Two preparation methods are compared here 
namely the Adams method and the hydrolysis method, in an attempt to prepare an 
optimum RuO2-Nb2O2 mixture. 
 Electrocatalyst Syntheses 5.2
RuCl3 (Ru content 45-55%), NbCl5 (99.995 trace metal basis) from Sigma Aldrich and 
H2IrCl6.xH2O (Alfa aesar, 99%, metals basis, Ir 38-42%) were used as Ru, Nb and Ir 
precursors respectively. NaNO3 (99.5% assay) reagent grade from Merck, 2 propanol 
from Fischer scientific were used as reagent and solvent respectively. RuxNb1-xO2 with 
different molar ratios of Ru and Nb was prepared using the Adams and hydrolysis 
method. 
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 Adams fusion method 5.2.1
RuCl3 precursor as required by the stoichiometry was dissolved in isopropanol (IP) and 
stirred for 3 hours. To this NbCl5 solution (solution in IP) was added as required by the 
stoichiometry. The total metal concentration was approximately 0.01M. To this 20g of 
finely grounded NaNO3 was added and stirred well for 4-5 hours. The solvent was then 
evaporated slowly in an air oven at 75-80
o
C. The sample was transferred to a silica 
crucible and calcined in a muffle furnace at 500
o
C for 1 hour. The reactions occurring in 
the Adams method are given in equation ((2-1) and ((2-2). The sample was kept in the 
furnace until the temperature cooled back to room temperature. The NaCl salt formed 
was then dissolved in DI water. The sample was washed and centrifuged using an 
excess de-ionised (DI) water and dried in the air oven at 70-80
o
C overnight. RuxNb1-xO2 
(x=1, 0.8, 0.6, 0.4, 0) were prepared using this procedure by varying the precursor ratio. 
 Hydrolysis Method. 5.2.2
The RuCl3 and NbCl5 (as solution in IP) according to the required stoichiometry were 
dissolved in DI water to yield a total metal concentration of 0.01M. To this, 0.5 M 
NaOH solution was added. Metal:NaOH molar ratio was maintained as 1:20. This 
mixture was then heated at 80
o
C with stirring for 1 hour. A deep blue coloured complex 
was formed on heating and this was precipitated by adding 1M HNO3 drop wise until 
the pH of the solution reaches 7-8. A gradual colour change was observed during the 
heating and was attributed to the replacement of chlorine with a hydroxide group [96]. 
The solution was stirred overnight, centrifuged, dried in air oven and heat treated in a 
muffle furnace at 400
o
C for 30 minutes to form the oxide. Synthesis of Nb2O5 by the 
same method was also attempted. A white jelly precipitate was formed but the 
precipitate was not dense enough to separate. The difficulty in obtaining a precipitate of 
Nb2O5 was also reported elsewhere [248]. An IrxNb1-xO2(H) was also prepared using 
similar method. The precipitate obtained was calcined at 450
o
C for 1 hour to prepare the 
metal oxide. 
The catalysts prepared by the Adams fusion method are represented as RuxNb1-xO2(A) 
and those prepared by the hydrolysis method are represented as RuxNb1-xO2(H) and 
IrxNb1-xO2(H) throughout this thesis, where x  and (1-x) represent the mol% of 
respective metals in the mixed oxide. 
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 Electrocatalyst Characterization 5.3
 Physical Characterization 5.3.1
The physical characterizations of the catalyst were carried out using XRD (section 
2.2.1), SEM (section 2.2.3) and EDX (Section 2.2.4). 
 Electrochemical Characterization 5.3.2
CV analysis of the catalysts were conducted using a potentiostat/galavanostat (Aultolab) 
and a homemade tantalum working electrode (4mm diameter) which was polished well 
with SiC paper (1200, 2400 and 4000 grade) before use. A Ag/AgCl (sat. KCl) and a Pt 
wire were used as reference and counter electrode respectively. The catalyst ink was 
prepared by dispersing the catalyst in 0.5 ml solvent (3:2 water:ethanol mixture) and 
Nafion
®
 solution (25 wt.%). The mixture was sonicated in an ultrasonic bath for 30 
minutes before drop casting 10 μl on to the electrode using a micropipette. It was then 
dried in the air and introduced in the three electrode cell containing 0.5M H2SO4 
solution. The electrolyte was deoxygenated by purging with nitrogen for 15 minutes 
before the experiment. Cyclic voltammetry were carried out at a potential between +0 
and +1.25 V vs. Ag/AgCl. A precondition was carried out between these potentials for 
10 cycles at 100 mV s
-1
 before recording the CV. CV’s at different scan rates starting 
from 200 mV s
-1
 to 5 mV s
-1
 were carried out at room temperature. Total of 3 cycles 
were carried out and the third cycle was recorded whereby a stable CV was obtained. 
Current values were normalised to the total catalyst weight on the electrode. All 
potentials in this study are denoted with respect to Ag/AgCl electrode unless otherwise 
specified. 
Powder conductivity of the sample was measured using the in house built powder 
conductivity set up (Figure 2.8) as described in section 2.3.1. 
The MEA of the as prepared catalysts were used as the anode for the CCM utilising 
Nafion
®
 115 membrane. Hispec Pt/C (40%) was used as cathode. Nafion
®
 solution 
(Sigma Aldrich) was used as the ionomer. The cell set up is described in section 2.3.3. 
Pre-heated DI water from the reservoir was pumped to the cell with the aid of a 
peristaltic pump at atmospheric pressure and the cell temperature was maintained at 
80
o
C. The polarization curves (V/I) were recorded potentiostatically from +1 V to +2 V 
using Neware battery testing system (Neware technology Ltd, China). 
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 Result and Discussion: 5.4
 X-ray diffraction  5.4.1
The XRD spectra of RuxNb1-xO2(A) are given in Figure 5-2. The peaks indicate rutile 
structure for the RuO2 catalysts (JCPDS: 40-1290). The peaks at 28
o
, 35
o
, 40
o
 and 54
o
 
are RuO2 (110), (101), (111) and (211) respectively. No Nb2O5 peaks were observed due 
to its amorphous nature at the preparation temperature [60, 227, 243]. Peaks at 22.9
o
, 
32.59
o
, 46.7
o
, 14.54
o
 and 17.26
o
 started appearing upon Nb2O5 addition. These peaks 
were identified to be NaNbO3 (JCPDS: 19-1221) and Na2Nb4O11 (JCPDS: 020-1145) as 
given in Figure 5-1. These peaks are represented as NaNb in Figure 5-2. This sodium-
niobium complex formation was due to the reaction between NaNO3 and Nb2O5 at high 
temperature as reported for Nb and Mo elsewhere [89, 249]. 
 
Figure 5-1. XRD spectra of Ru0.6Nb0.4O2(A) showing the characteristic peaks of Ru and 
Nb oxide. 
Peak intensities of NaNb oxide were low for Ru0.8Nb0.2O2(A) and is due to the low 
amount of Nb2O5 in the catalyst. RuO2 peaks were clearly visible even in Nb2O5 rich 
compositions and it can be concluded that RuO2 was crystallized well at the 
experimental conditions. Since there was no shift in the peak position of RuO2 with 
Nb2O5 addition, a solid solution between the two oxides might not have formed. In a 
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mixed oxide system, a complete solid solution formation is not required, in order to 
have an influence on catalyst activity, but a fine mixing is sufficient [227, 250]. In DSA 
electrodes, IrO2-Ta2O5 catalysts was found to be the best catalysts for OER which 
cannot be explained based on the solid solution formation between the two metal oxides 
[60, 227]. In fact since the RuO2 and Nb2O5 possess two different crystalline structures, 
a tension between the two species will be predominantly present at higher crystallinity 
and this tension tends to increase on Nb2O5 crystallization in turn decreasing the 
catalytic activity [227].  
 
Figure 5-2. XRD spectra of RuxNb1-xO2 (A) with respect to composition. 
 
The average crystallite size (taverage) of the RuO2 were calculated using Scherrer 
equation (2-9) [97] from the two peaks at 28
o
 and 35
o
. The RuO2 crystallite sizes in the 
RuxNb1-xO2(A) are given in Table 5-1. RuO2(A) showed the lowest crystallite size (8.7 
nm) which gradually increased on Nb addition up to 39.4 nm for Ru0.4Nb0.6O2(A). The 
crystallite sizes of RuO2(A) (8.7 nm) and Ru0.8Nb0.2O2(A) (12.4) were similar and 
increased significantly at Nb concentration > 20 mol%. There was a steep increase in 
the crystallite size from Ru0.6Nb0.4O2(A) (20.8 nm) to Ru0.4Nb0.6O2(A) (39.4 nm). Since 
the crystallisation of RuO2 was complete at the prepared condition as evident from the 
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XRD, the increase in crystallite size may be attributed to an agglomeration of RuO2 in 
presence of Nb2O5 in the bimetallic catalyst.  
Table 5-1. Average crystallite size of RuO2 in RuxNb1-xO2 (A) calculated from the XRD. 
x value t1/nm t2/nm taverage/nm 
1 8.3  9.1 8.7 ± 0.4 
0.8 10.6  14.1 12.4 ± 1.8 
0.6 19.0 22.5 20.8 ± 1.8 
0.4 40.9 37.9 39.4 ± 1.5 
In order to study the effect of NaNb complex formation with respect to temperature, the 
Ru0.8Nb0.2O2(A) composition was prepared at different calcination temperatures. The 
XRD of Ru0.8Nb0.2O2(A) prepared at various calcinations temperatures is given in 
Figure 5-3. 
 
Figure 5-3. XRD spectra of Ru0.8Nb0.2O2 prepared by the Adams fusion method at 
different calcination temperatures.(=RuO2,= NaNb). 
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The RuO2 peak intensity increased with an increase in calcination temperature 
indicating an increase in crystallization at high temperature. The increases in intensity 
of the NaNb oxide peaks were very clear as the calcination temperature increased above 
400
o
C. The NaNb oxide peak started appearing from calcination temperature ≥ 450oC. It 
can be concluded that crystalline NaNb oxide forms at temperature > 400
o
C in Adams 
method. An increase in the RuO2 crystallite size with increase in the calcination 
temperature was observed (Table 5-2) and may be attributed to sintering and 
crystallisation at high temperature [192] which is also clear from the SEM images 
(Figure 5-7). The increase in the crystallite size was smaller from 400
o
C (5.7 nm) to 
450
o
C (9.9 nm), but from 450
o
C (9.9 nm) to 500
o
C (28 nm), a steep increase was 
observed. This may be attributed to the NaNb oxide formation which might be leading 
to agglomeration of RuO2 significantly as mentioned in the previous paragraph. The 
effect of NaNb oxide on RuO2 crystallite size is also clear by comparing the crystallite 
size of Ru0.8Nb0.2O2(A) (12.4 nm) in Table 5-1  and Table 5-2 (28 nm) due to the low 
NaNb oxide formation in the former. 
Table 5-2. Average crystallite size of RuO2 in Ru0.8Nb0.2O2 (A) calcined at different 
temperature calculated from the XRD. 
Calcination 
temperature (
o
C) 
t1/nm t2/nm taverage/nm 
400 5.31 7.5 5.7 ± 1.1 
450 8.6 11.1 9.9 ± 1.3 
500 28.2 27.8 28 ± 0.2 
550 39.0 37.9 38.4 ± 0.6 
 
The hydrolysis method was adopted in order to avoid the NaNb oxide complex 
formation in the Adams method. A lower temperature of calcination (400
o
C for 0.5 hr) 
was used in the hydrolysis method. The XRD of RuxNb1-xO2(H) are given in Figure 5-4. 
The XRD behaviour of RuO2(H) was similar to that of RuO2(A). Both showed well 
defined rutile structures, however Nb addition gave different patterns in both methods 
of preparation.  
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Figure 5-4. XRD spectra of RuxNb1-xO2 (H) with different x values. 
 
Figure 5-4 shows that the intensity of the RuO2 peak decreases with decrease in Ru 
content. The Nb2O5 peaks were not visible in any of these spectra due to the amorphous 
nature of Nb2O5 at the prepared conditions [243, 247]. However the presences of Nb in 
all bimetallic compositions were detected in EDX analyses. The small peaks which 
appear only at higher Nb content (Ru0.4Nb0.6O2) at around 22
o
 and 33
o
 are associated to 
NaNb oxide complex probably formed from the reaction between NaOH impurity and 
NbCl5. The RuO2 showed broader peaks at high Nb2O5 content indicating that the 
crystallisation of RuO2 was not complete, which implies that crystallisation of RuO2 
was affected by the presence of Nb2O5. It was reported elsewhere that amorphous nature 
of Nb2O5 makes IrO2 crystallization difficult [243]. The niobium aqua-hydroxide 
complex formed during the hydrolysis stage may cover the active sites of ruthenium 
aqua-hydroxide complex intermediate making the RuO2 crystallisation difficult [99, 
243].  
Crystallite sizes of RuO2 in RuxNb1-xO2(H) are given in Table 5-3. RuO2(H) showed a 
crystallite size of 13.4 nm which increased on Nb addition. The Ru0.4Nb0.6O2(H) (8 nm) 
showed lower crystallite size compared to other composition prepared by the same 
method. The crystallite size of this composition calculated from the Scherrer equation 
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may not be accurate since the wide peak in XRD is more likely due to amorphous 
nature of the material. It was reported elsewhere that RuO2 formed on DSA electrode 
prepared at 450
o
C are mixture of 30% amorphous and 70% rutile crystalline phases and 
complete crystallisation occur only above 650
o
C whereby the complete removal of OH
-
, 
H2O and Cl
-
 groups occurs [99]. It may be expected that there can be a mixture of the 
crystalline and amorphous phase of RuO2 as well in the hydrolysis method of synthesis. 
The crystallite sizes of bimetallic system prepared by the Adams method were lower 
than that of the hydrolysis method. The reason for this is not very clear. It cannot be 
explained based on the crystalline nature of the catalyst since the hydrolysis method 
gives more amorphous nature, its crystallite size should be smaller than that in Adams 
method. It may be assumed that the crystal growth of RuO2 was affected more 
significantly by the addition of Nb2O5 in the hydrolysis method than in the Adams 
method.  
Table 5-3. Average crystallite size of RuO2 in RuxNb1-xO2 (H) calculated using the 
Scherrer equation from the XRD. 
x- value t1/nm t2/nm taverage/nm 
1 13.2 13.6 13.4 ± 0.2 
0.8 24.1 26.9 25.5 ± 1.4 
0.6 24.8 23.1 24.0 ± 0.8 
0.4 6.0 10.0 8.0 ± 2 
A distinction has to be made in both synthesis processes as nitrates are the intermediate 
in the fusion method for decomposition and hydroxides are the intermediates for 
decomposition in the hydrolysis method. The decomposition of nitrates produces less 
crystalline RuO2 [251]. This is clearly given in Figure 5-5 where Ru0.8Nb0.2O2 prepared 
using the two methods are compared. The broader diffraction peaks for Ru0.8Nb0.2O2(A) 
compared to Ru0.8Nb0.2O2(H), both calcined at 400
o
C, indicate a lower crystallite size 
for catalysts prepared by the Adams method. Peaks were not well resolved for the 
catalysts prepared by the fusion method at 400
o
C but were well resolved in the 
hydrolysis method prepared at the same temperature. Crystallization in the hydrolysis 
method was easier than in the fusion method. This could be due to the fact that, in the 
fusion method the oxide formation reaction takes place in many steps, for example (i) 
dispersion of precursor in NaNO3 (ii) melting of NaNO3 (308
o
C) (iii) reaction of the 
precursor with the melt NaNO3 to form nitrates (iv) decomposition of nitrates to form 
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their respective oxides by releasing NO2 gas, whereas in the hydrolysis method, the 
overall mechanism is governed by the thermal decomposition of the hydroxide which is 
formed before the calcination stage. The numbers of intermediate steps involved in the 
hydrolysis method are less than that in the fusion method during the oxide formation.   
 
Figure 5-5. XRD spectra of Ru0.8Nb0.2O2 catalyst prepared by the Adams fusion method 
(at 400
o
C and 500
o
C calcination temperature) and hydrolysis method (400
o
C 
calcination temperature). 
 
 Morphology 5.4.2
SEM was used to observe the morphology of the catalysts. The SEM micrographs of the 
catalysts prepared by both Adams and hydrolysis method are given in Figure 5-6. The 
RuO2(A) and Ru0.8Nb0.2O2(A) showed a dense and aggregated particle structure (Figure 
5-6 a,b). The agglomerated structure may be due to the high temperature used for the 
synthesis. The hydrolysis method gives more uniform particles compared to the Adams 
method. The difference in morphology may be due to difference in the preparation 
method and the calcination temperature used. Since the temperature used for the 
hydrolysis method was 400
o
C in comparison to 500
o
C for the Adams method, the 
formed oxide is likely to contain some amorphous oxides as well. The EDX analysis 
(Figure 5-8) showed Ru mol% more or less the same as required by the precursor ratio 
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used, except for Ru0.6Nb0.4O2(A) which showed slightly lower Ru mol% than the 
desired ratio. This may be due to some precursor loss during the synthesis and washing. 
 
Figure 5-6. SEM picture of (a) RuO2(A) (b) Ru0.8Nb0.2O2(A) (c) RuO2(H) (d) 
Ru0.8Nb0.2O2(H) (magnification 50×k). 
 
The SEM of Ru0.8Nb0.2O2(A) calcined at different temperature is given in Figure 5-7. 
An increase in crystallization with temperature can be seen from the Figure 5-7. At 
550
o
C calcination temperature, large crystals are formed which was also evident from 
the XRD analysis (Figure 5-3).  
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Figure 5-7. SEM picture of Ru0.8Nb0.2O2(A) with different calcination temperature (a) 
400
o
C (b) 450
o
C (c) 500
o
C (d) 550
o
C. 
 
Figure 5-8. EDX spectra of Ru0.6Nb0.4O2(A). Inset shows Ru mol% of the various 
catalyst prepared. 
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 Powder conductivity: 5.4.3
The powder conductivity of the catalyst prepared by both methods is given in Figure 
5-9. A linear relationship was observed for the thickness vs. resistance plot for the 
powder catalysts (Figure 5-9 inset) indicating ohmic behaviour of the samples. The 
electronic conductivity of RuxNb1-xO2 prepared by both methods decreased on Nb2O5 
addition. The RuO2(A) (5.3 S cm
-1
) showed higher conductivity than RuO2(H) (2.1 S 
cm
-1
). This is mainly due to the higher crystallinity of the catalysts prepared at 500
o
C 
compared to RuO2(H) prepared at 400
o
C. A higher crystallinity increases the electronic 
conductivity of the particles. The conductivities of Ru0.8Nb0.2O2(A) (1.3 S cm
-1
) and 
RuO2(A) (5.3 S cm
-1
) were of the same order of magnitude which decreases by two 
orders of magnitude for Ru0.6Nb0.4O2(A) (1.3×10
-2
 S cm
-1
). The similar conductivity 
between RuO2(A) and Ru0.8Nb0.2O2(A) indicate that the RuO2 nano particles were well 
connected to form a continuous network (Figure 5-9). A sharp decrease in conductivity 
for Nb mol% > 60 can be attributed to the reduced electron conducting network.  
The conductivity of RuO2(H) (2.1 S cm
-1
) decreased by an order of magnitude for 
Ru0.8Nb0.2O2(H) (3.7×10
-1
 S cm
-1
) and two orders of magnitude for Ru0.6Nb0.4O2(H) 
(5.4×10
-2
 S cm
-1
) indicating that a proper network of RuO2 was not maintained in 
RuxNb1-xO2(H). The XRD analysis showed that crystallite sizes between RuO2(A) (8.7 
nm) and Ru0.8Nb0.2O2(A) (12.4 nm) are lower than that of the RuO2(H) (13.4 nm) and 
Ru0.8Nb0.2O2(H) (25.5 nm) indicating an RuO2 agglomeration in Ru0.8Nb0.2O2(H). The 
agglomeration will affect the conductivity of the bimetallic catalyst by reducing the 
conducting network formation.  
A sharper decrease in the conductivity was observed for the catalysts prepared by the 
Adams method than by the hydrolysis method. This is attributed to the Na-Nb oxide 
formed in the Adams method at high Nb concentration > 80 mol%. The electrical 
conductivity in the catalyst is mainly contributed by the RuO2 network as Nb2O5 is non-
conductor. The presence of non-conducting particles in the catalyst restricts the electron 
conduction path increasing the overall resistance of the catalyst layer. An increased 
resistivity in bimetallic system of IrO2-SnO2 with increase in non-conducting SnO2 
content was reported by Marshall et al [86]. 
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Figure 5-9. Powder conductivity of RuxNb1-xO2 catalyst as a function of composition 
prepared by the Adams and the hydrolysis method. Inset shows the thickness 
vs.resistance plot for RuO2(H). 
 
The effect of calcination temperature on the powder conductivity of Ru0.8Nb0.2O2(A) is 
given in Figure 5-10. The conductivities of the catalyst prepared at 400
o
C and 450
o
C 
were similar and decreased significantly at higher calcination temperature. Since the 
crystallinity increases at high temperature, an increase in conductivity was expected. 
But in contrast, the conductivity decreased with an increase in calcination temperature. 
This may be attributed to the non-conducting Na-Nb complex formation at high 
temperature ≥ 450oC (Figure 5-3). 
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Figure 5-10. Powder conductivity of Ru0.8Nb0.2O2(A) as a function of calcination 
temperature.  
 
 Cyclic Voltammetry 5.4.4
The CV of the catalysts between the potential +0 V to 1.25 V vs. Ag/AgCl in 0.5M 
H2SO4 was used to study the electrochemical property of the catalyst. The CV plot of 
RuxNb1-xO2(A) at different scan rate is given in Figure 5-11. The RuO2(A) showed 
common shape and features of the rutile RuO2 [97, 252]. The broad peaks with no well-
defined double layer region are characteristic of RuO2. The peaks at around +0.4 V and 
+1.0 V (vs. Ag/AgCl) are commonly attributed to the Ru(III)/Ru(IV) and Ru(IV)/Ru(V) 
surface transitions respectively [76, 89] due to the  redox charge transition between the 
proton (H
+
) and RuO2 surface [129, 134] as given in equation ((2-15). 
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Figure 5-11.CV RuxNb1-xO2(A) with respect to scan rate (a) RuO2 (b) Ru0.8Nb0.2O2 
(c)Ru0.6Nb0.4O2 (d) Ru0.4Nb0.6O2 at different scan rate in 0.5M H2SO4 . 
 
The voltammetric charge (q*) was calculated by integrating the CV at 20 mV s
-1
. As 
described in Chapter 3 before, the q* is proportional to the active surface area of the 
catalyst. The q* calculated for both RuxNb1-xO2(A) and RuxNb1-xO2(H) are given in 
Figure 5-13. The q* decreased with Nb addition. The voltammetric charge of RuO2(A) 
and Ru0.8Nb0.2O2(A) were 1613 mC cm
-2
 mg
-1
 and 1418 mC cm
-2
 mg
-1
 respectively. 
Voltammetric charge  of ~1600 mC cm
-2
 mg
-1
 for RuO2 was reported elsewhere [88]. 
The q* obtained is significantly higher than the charge value reported for DSA 
electrodes (~50-100 mC cm
-2
 mg
-1
) [244] due to high surface area of the powder 
sample. The RuO2(A) and Ru0.8Nb0.2O2(A) CVs were symmetrical around zero current 
indicating a capacitive behaviour in the potential window. A distortion of the symmetry 
of the curves was observed at Nb > 20 mol%. This could be due to the lower electron 
conduction of Nb2O5 [230]. Since Nb2O5 is a poor conductor, the current values in CV  
mainly comes from the RuO2 network [225, 227, 230]. Powder conductivity analysis 
showed that the conductivity of RuxNb1-xO2(A) decreased on Nb addition (Figure 5-9). 
The voltammetric charge of RuO2 decreased on Nb addition and the decrease is quite 
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large above 20 mol% Nb (Figure 5-13). The q* decreased from 1481 mC cm
-2
 mg
-1
 for 
Ru0.8Nb0.2O2(A) to 686 mC cm
-2
 mg
-1
 for Ru0.6Nb0.4O2(A). This may be attributed to the 
dilution of RuO2 as well as the large RuO2 crystallite size at Nb > 20 mol%  (Table 5-1) 
decreasing the active surface area of the catalyst. The crystallite size and conductivity of 
Ru0.8Nb0.2O2(A) (12.4 nm, 1.3 S cm
-1
) was comparable to that of RuO2(A) (8.7 nm, 5.3 
S cm
-1
) which explains the similar voltammetric charge between the two in Figure 5-13. 
The specific capacitance values of the catalysts were calculated from the equation (5-1), 
where C is the specific capacitance (F g
-1
),    is the voltammetric charge (C g-1), and 
   is the potential window (V).  
   
  
    
 
(5-1) 
In metal oxides, the double layer capacitance and pseudo-capacitance coexist, making it 
difficult to differentiate between the two [60]. Thus the calculated capacitance C 
includes both the double layer and pseudo-capacitance contribution. The specific 
capacitance of RuO2(A) and Ru0.8Nb0.2O2(A) calculated from the Figure 5-13 using 
equation ((5-1) were 81.1 F g
-1
 and 74.4 F g
-1
 respectively. The value is lower than the 
typical amorphous RuO2 electrode (> 600 F g
-1
) [253] and is due to the crystalline 
nature of the RuO2. A capacitance of 100 F g
-1
 for crystalline RuO2 prepared at 300
o
C 
calcination temperature was reported elsewhere [254]. It is clear from the result that 
higher conductivity and smaller particle size gives higher active area and 20 mol% Nb 
addition gives comparable conductivity and particle size to that of pristine RuO2. Higher 
Nb content > 20 mol% and the NaNb oxide formation in the catalyst reduces the active 
area of the catalyst [97].  
The CV of RuxNb1-xO2(H) at different scan rates in 0.5M H2SO4 is given in Figure 5-12. 
The trend of CV with respect to Nb addition was the same as that in the Adam’s 
method. Redox peaks were clear in the pristine RuO2(H). The very clear peak as 
observed in the case of RuO2(A) was not obtained indicating that the RuO2(H) was not 
completely crystalline [97]. The voltammetric charge (q*) of RuxNb1-xO2(H) is given in 
Figure 5-13. The RuO2(H) showed a q* of 1527 mC cm
-2
 mg
-1
 which  is similar to the 
value given by RuO2(A) (1613 mC cm
-2
 mg
-1
).  The q* decreased on Nb addition as in 
the case of RuxNb1-xO2(A). The Ru0.8Nb0.2O2(H) gave a q* value of 982 mC cm
-2
 mg
-1
.  
This is lower than the q* of Ru0.8Nb0.2O2(A) (1481 mC cm
-2
 mg
-1
). The lower value can 
be attributed to the larger crystallite size of Ru0.8Nb0.2O2(H) (25.5 nm) compared to 
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Ru0.8Nb0.2O2(A) (12.4 nm). A decrease in voltammetric charge on adding SnO2 to IrO2 
was also reported by Marshall et al [86].  
 
Figure 5-12. CV of RuxNb1-xO2 (H) at 20 mV s
-1
.(a) RuO2 (b) Ru0.8Nb0.2O2 (c) 
Ru0.6Nb0.4O2 (d) Ru0.4Nb0.6O2. 
The specific capacitance of RuO2(H) and Ru0.8Nb0.2O2(H) were 76.7 F g
-1
 and 49.3 F g
-1 
respectively calculated from equation (5-1. The difference in capacitance is very high 
on adding 20% Nb2O5 addition for the hydrolysis method unlike in Adams method. This 
may be attributed to the large difference in crystallite size between RuO2(H) (13.4 nm) 
and Ru0.8Nb0.2O2(H) (25.5 nm) compared to RuO2(A) (8.7 nm) and Ru0.8Nb0.2O2(A) 
(12.4 nm).  
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Figure 5-13. Voltammetric charge (q*) of RuxNb1-xO2 prepared by both the Adams and 
the hydrolysis method. Calculated from CV @20mV s
-1
 scan rate. 
 
 Effect of calcination temperature 5.4.5
Since Ru0.8Nb0.2O2(A) showed comparable voltammetric charge to that of RuO2(A), an 
effect of calcination temperature on this composition was studied. A set 
Ru0.8Nb0.2O2(A) catalysts calcined at different temperatures of 400
o
, 450
o
, 500
o
 and 
550
o
C were prepared for this purpose. The XRD of these catalysts was discussed in 
section 5.4.1. The CVs of these catalysts in 0.5M H2SO4 at 20 mV s
-1
 are compared in 
Figure 5-14. Characteristic redox peaks for RuO2 can be seen in the CV. No significant 
change in the active area was observed for the samples calcined at 400
o
C and 450
o
C 
whereas above 450
o
C, a decrease in the active area was observed which was attributed 
to the sintering and grain growth of the catalyst at high temperature [208, 240, 244]. 
The voltammetric charge (q*) of the catalyst calculated from the CV is given in Figure 
5-15. The highest q* value was obtained for the sample calcined at 450
o
C (2404 mC 
cm
-2
 mg
-1
). The charge decreased with increase in calcination temperature. A steep 
decrease was observed for the sample calcined at 500
o
C (1257 mC cm
-2
 mg
-1
) to 550
o
C 
(430.4 mC cm
-2
 mg
-1
) (Figure 5-14). A change in shape of CV curve with respect to 
calcinations temperature was reported for RuO2 and IrO2 and a decrease in active area 
with respect to calcination temperature was observed elsewhere [43, 97]. The lower 
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active area for the samples prepared above 500
o
C is partly due to the sintering of 
particles and partly may also be due to the sodium niobium oxide formation at this 
temperature which was clear from the XRD peaks (Figure 5-5).  
 
Figure 5-14. CV of Ru0.8Nb0.2O2(A) calcined at different temperature at 20 mV s
-1
 in 
0.5M H2SO4. 
 
Figure 5-15. Voltammetric charge of Ru0.8Nb0.2O2(A) calcined at different temperature 
calculated from the CV in 0.5M H2SO4 at 20 mV s
-1
. 
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 Stability of the catalyst 5.4.6
The stability of the catalyst was assessed using continuous CV cycling (600 cycles) 
within the potential range +0 to +1.25 V (vs.Ag/AgCl) and is given in Figure 5-16. The 
active area as well as the OER current decreased after several cycles of potential scans. 
This may be attributed to the erosion/dissolution of the catalyst or the agglomeration of 
the catalyst on cycling. The characteristic peaks of RuO2 are lost after few potential 
cycles and the decrease in active area was gradual with the increased number of cycles. 
The RuO2(A) voltammetric charge (q*) decreased by 50% from its initial value after 
600 cycles whereas Ru0.8Nb0.2O2(A) has lost only 32% of voltammetric charge in the 
same conditions. The hydrolysis method also showed a similar trend. The RuO2(H) lost 
40% of voltammetric charge after 600 cycles whereas Ru0.8Nb0.2O2(H) lost only 25% of 
voltammetric charge in the same conditions. This shows that Nb2O5 stabilises the RuO2 
catalyst. It was reported in literature that the stability of RuO2 is unsatisfactory as it 
forms low conducting and soluble RuO4 at high anodic potential [67, 255]. An addition 
of Nb2O5 stabilized the RuO2 in both synthesis methods. MEAs were then fabricated 
with the prepared catalyst in order to investigate the behaviour of the catalyst in ‘real’ 
electrolyser operations. 
 
Figure 5-16. Stability of the catalysts (a) RuO2(A) (b) Ru0.8Nb0.2O2(A) (c) RuO2(H) (d) 
Ru0.8Nb0.2O2(H) at scan rate of 50 mVs
-1
 for 600 cycles. 
 126 
 
126 Chapter 5. RuxNb1-xO2 catalyst for the oxygen evolution reaction in PEMWE 
 MEA performance 5.4.7
MEA performances of the RuxNb1-xO2 catalyst at 80
o
C with Nafion 115 membrane are 
given in Figure 5-17. The RuO2(A) gave the best performance (1.62 V at 1 A cm
-2
) 
among all the MEA tested. The RuO2(A) and RuO2(H) showed a cell voltage of 1.37 V 
and 1.43 V @100 mA cm
-2
 whereas Ru0.8Nb0.2O2(A) and Ru0.8Nb0.2O2(H) showed cell 
voltage of 1.43 V and 1.47 V @100 mA cm
-2
 respectively. At low current density (100 
mA cm
-2
) the activity was in the order RuO2(A) > Ru0.8Nb0.2O2(A) = RuO2(H) > 
Ru0.8Nb0.2O2(H) as is clear from Figure 5-17. The trend was similar to the active area 
calculated from the CV studies (Figure 5-13). The lower performance of 
Ru0.8Nb0.2O2(A) compared to RuO2(A) may be attributed to the lower RuO2 content as 
well as the Na-Nb oxide formation. The crystallite size and conductivity was also lower 
for RuO2(A) (8.7 nm, 5.3 S cm
-1
) compared to Ru0.8Nb0.2O2(A) (12.4 nm, 1.3 S cm
-1
). 
The significantly lower performance of Ru0.8Nb0.2O2(H) can be attributed to their larger 
crystallite size and poor conductivity (25.5 nm, 0.37 S cm
-1
) compared to other 
catalysts. It is clear that the Nb2O5 addition decrease the activity of RuO2 in both the 
methods of preparation due to the dilution of the active RuO2.  
 
Figure 5-17. MEA performance of RuxNb1-xO2 (A) and RuxNb1-xO2 (H) at 80
o
C. Nafion
®
-
115 membrane, Pt/C(40%) cathode. 
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The stability of the RuO2(A) and Ru0.8Nb0.2O2(A) in the MEA was tested at 1 A cm
-2
 
and 80
o
C for 24 hours (Figure 5-18). The voltage remains unaltered for about 20 hr for 
both RuO2(A) and Ru0.8Nb0.2O2(A). The potential for RuO2(A) increased drastically 
from the initial value of ~1.75 V to > 2 V after 21 hr of operation, whereas 
Ru0.8Nb0.2O2(A) showed a relatively stable voltage of ~1.9 V under the same conditions. 
The increase in voltage may be attributed to the erosion/dissolution of the catalyst from 
the electrode [102, 244, 256]. The RuO2 can electrochemically oxidise at high potential 
according to equation (5-2 to form soluble RuO4 [257, 258] which will contribute to the 
increase in overvoltage of the RuO2 electrode. This indicate that the RuO2(A) is quite 
unstable at the usual current density of operation (1 A cm
-2
) whereas the addition of Nb 
increases its stability. However the potential starts to increase slowly after 23 hr of 
operation for Ru0.8Nb0.2O2(A) indicating that, though the stability of Ru0.8Nb0.2O2(A) is 
better than RuO2(A), it may not be satisfactory for long term operation. Such a steep 
increase in potential after certain time was also observed for the DSA type electrode 
[257, 259, 260] and was explained based on the passivation of the titanium base metal 
as well as RuO2 dissolution [257, 260]. 
                  
      (5-2) 
 
Figure 5-18. MEA stability test of RuO2(A) and Ru0.8Nb0.2O2(A) at 1 Acm
-2
 and 80
o
C for 
24 hr. Nafion
®
-115 membrane, Pt/C(40%) cathode. 
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  IrxNb1-xO2 catalyst 5.5
In order to study the effect of Nb addition on IrO2, an IrxNb1-xO2(H) catalyst was 
prepared by the hydrolysis method. The hydrolysis method was adopted as the Adams 
method was found to form sodium-niobium oxide during the synthesis. 
 Structure and morphology 5.5.1
The XRD spectra of the IrxNb1-xO2(H) catalyst is given in Figure 5-19. The crystallinity 
decreased as the Nb content increased. Nb2O5 peak was not visible in any of the sample 
as for RuxNb1-xO2. The Ir0.4Nb0.6O2(H) showed a broad peak indicating lower 
crystallinity due to the amorphous nature of Nb2O5 in the prepared condition [245]. In 
bimetallic oxide systems where one of the oxides is amorphous, the complete 
crystallisation of the other oxide will be affected. The IrO2-Ta2O5 film prepared at 
450
o
C calcination temperature using IrCl3 was reported to contain 35% IrO2 as distorted 
IrO2.xH2O phase [99]. Hence, the catalyst prepared here can be considered as mixture of 
crystalline and amorphous particles [245]. The two intense peaks at ~28
o
 and ~34.7
o
 
were used to calculate the average crystallite size of IrO2 using Scherrer equation 
(equation 2-4) and are tabulated in Table 5-4. The IrO2(H) showed a crystallite size of 3 
nm which increased on Nb addition up to13.1 nm for Ir0.4Nb0.6O2(H) . No significant 
change in the position of the XRD peak were observed indicating that no solid solution 
was formed between the two metal oxides [208].  
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Figure 5-19. XRD spectra of IrxNb1-xO2(H) catalyst. 
The SEM images of the samples prepared are given in Figure 5-20. The IrO2(H) and 
Ir0.8Nb0.2O2(H) have similar morphology. It was difficult to distinguish RuO2 and Nb2O5 
from the SEM. Very uniform particles are observed for both the catalysts similar to 
RuxNb1-xO2(H) in Figure 5-6. The EDX analysis of Ir0.8Nb0.2O2(H) is given in Figure 
5-21. No impurities were found in the EDX analysis. The Ir mol% obtained from the 
EDX is given in the Figure 5-21 inset. Composition was slightly different from the 
composition expected from the precursor used. This may be due to the loss of some of 
the precursors during the synthesis and/or washing.  
 
Figure 5-20. SEM images of (a) IrO2(H) (b) Ir0.8Nb0.2O2(H). 
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 Powder conductivity 5.5.2
The powder conductivities of the catalyst measured are given in Table 5-4. The 
conductivity behaviour was similar to that of the RuxNb1-xO2 catalyst. The conductivity 
decreased on Nb2O5 addition. The IrO2(H) and Ir0.8Nb0.2O2(H) showed a conductivity of 
3.2 S cm
-1
 and 3 S cm
-1
 respectively. A decrease of one order of magnitude in 
conductivity was observed from Ir0.8Nb0.2O2(H) (3 S cm
-1
) to Ir0.6Nb0.4O2(H) (4.9×10
-1
 S 
cm
-1
) indicating the Nb > 20 mol% failed to form a conducting network.  
 
Figure 5-21. EDX spectra of Ir0.8Nb0.2O2 (H). Inset gives the Ir mol% obtained for 
various IrxNb1-xO2(H) catalyst. 
 
Table 5-4. Powder conductivity and crystallite size of the IrxNb1-xO2(H) catalyst. 
Catalyst Powder conductivity (S cm-1) Crystallite size (nm) 
IrO2(H) 3.2 ± 0.3 3.0 ± 0.2 
Ir0.8Nb0.2O2(H) 3.0 ± 0.3 7.2 ± 0.4 
Ir0.6Nb0.4O2(H) 4.9×10
-1
 12.6 ± 0.6 
Ir0.4Nb0.6O2(H) 6.5×10
-3
 13.1 ± 0.7 
IrO2(A) 4.9 ± 0.5 6.5 ± 0.3 
RuO2(A) 5.3 ± 0.5 8.5 ± 0.4 
RuO2(H) 2.1 ± 0.2 12.8 ± 0.6 
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 MEA performance 5.5.3
MEAs prepared with the prepared catalyst as anode were tested in an electrolyser set up 
using Nafion-115 membrane and commercial Pt/C(40%) as cathode. The MEA 
performance of IrO2(H) and Ir0.8Nb0.2O2(H) at 80
o
C is compared in Figure 5-22. The Nb 
addition decreased the performance of the IrO2(H). The IrO2(H) and Ir0.8Nb0.2O2(H) 
showed a cell voltage of 1.44 V and 1.5 V respectively at 100 mA cm
-2
. It was also 
evident from section 5.4.7 that addition of Nb2O5 decreased the activity of the RuO2 
catalyst. The lower performance of Ir0.8Nb0.2O2(H) can be attributed to its lower IrO2 
content and larger crystallite size (7.2 nm) compared to IrO2(H) (3 nm) (Table 5-4). 
Pristine monometallic oxide showed higher activity over both RuxNb1-xO2 and IrxNb1-
xO2 bimetallic catalysts. The performance of the various MEA prepared is compared in 
Table 5-5. Both RuO2 and Ru0.8Nb0.2O2 showed higher performance compared to their 
Ir counterpart at low current density in both methods of preparation. The best 
performance obtained among all the MEA prepared was with RuO2(A) and IrO2(A) with 
a cell voltage of 1.37 V @ 100 mA cm
-2
 and 80
o
C. 
 
Figure 5-22. MEA analysis of IrO2(H) and Ir0.8Nb0.2O2(H) at 80
o
C. Nafion-115 
membrane, Pt/C(40%) cathode. 
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The stability of the MEA prepared was tested for 24 hour in galvanostatic mode at 1 A 
cm
-2
 and 80
o
C (Figure 5-23). All the catalysts showed a better performance with no 
significant variation of voltage with time from the initial value of ~1.92 and ~2.2 
respectively for IrO2(H) and Ir0.8Nb0.2O2(H) unlike the RuO2 based catalyst in Figure 
5-18. This confirms the excellent stability of IrO2 over RuO2 at acurrent density of 1 A 
cm
-2
. Since the experimental conditions were the same for both the stability test in 
Figure 5-18 and Figure 5-23, the increase in voltage for the Ru based catalyst can be 
attributed to the dissolution of RuO2 at high potential to form soluble RuO4 according to 
equation  (5-2 [257, 258] whereas for the IrO2 containing electrode, such reactions are 
unlikely to occur at the potential experienced by the electrode in Figure 5-23 [257]. 
 
Figure 5-23. MEA stability test of IrO2(H)  and Ir0.8Nb0.2O2(H) catalyst at 1 Acm
-2
 
current density and 80
o
C for 24 hr. Nafion
®
-115 membrane, Pt/C(40%) cathode. 
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Table 5-5.MEA performance comparison of various MEA at 80
o
C. 
Anode catalyst Voltage @1A cm-2 (V) Voltage @ 0.1 A cm-2 (V) Current density @ 1.6 V 
(mA cm-2) 
IrO2 (H) 1.73 1.44 536 
Ir0.8Nb0.2O2 (H) 1.89 1.50 308 
RuO2 (A) 1.62 1.37 915 
Ru0.8Nb0.2O2 (A) 1.71 1.43 609 
RuO2 (H) 1.75 1.43 585 
Ru0.8Nb0.2O2 (H) 1.85 1.47 422 
 
 Conclusion 5.6
A bimetallic RuxNb1-xO2 catalyst was prepared as an OER catalyst using the Adam’s 
and the hydrolysis methods. The Adams method of synthesis was found to form a 
sodium-niobium complex oxide during the synthesis (Figure 5-2). No Nb2O5 peaks 
were observed from the XRD in any catalyst indicating that Nb2O5 was amorphous in 
the prepared condition for both the Adams and hydrolysis methods. RuO2(A) and 
RuO2(H) showed the lowest crystallite sizes of 8.7 nm and 13.4 nm respectively. The 
crystallite size increased with Nb addition in both the Adams and the hydrolysis 
methods of synthesis. The addition of Nb2O5 decreased the voltammetric charge (Figure 
5-13) and the electronic conductivity (Figure 5-9) of the catalysts. The NaNb oxide 
complex oxide was formed at temperatures ≥450oC in the Adams method and 
significantly influenced the conductivity and active area of the catalyst. The MEA 
analysis also showed a similar trend to CV analysis. The pristine RuO2(A) (1.37 V 
@0.1 A cm
-2
) and RuO2(H) (1.43 @ 0.1 A cm
-2
) showed the best performance 
compared to the bimetallic catalysts in both methods of preparation. The stability of 
RuO2 was found to improve on the addition of Nb2O5 in the continuous CV cycling test. 
The MEA stability test at 1 A cm
-2
 and 80
o
C showed that 20 mol% Nb addition slightly 
improve the stability but was not be satisfactory for long term operation (Figure 5-18). 
A IrxNb1-xO2 (H) catalyst was also investigated prepared by the hydrolysis method. The 
crystallite size of IrO2 was found to be increasing on Nb addition as for the RxNb1-xO2 
system. Powder conductivity also decreased on Nb addition. At high Nb2O5 
concentration IrxNb1-xO2 (H) resulted in an amorphous structure similar to RuxNb1-
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xO2(H) catalysts indicating that the crystallisation of the IrO2 and RuO2 was affected by 
Nb2O5 addition in the hydrolysis method. The MEA analysis give lower performance 
for Ir0.8Nb0.2O2(H) (1.5 V @0.1 A cm
-2
) compared to IrO2(H) (1.44 V@0.1 A cm
-2
). The 
stability test at 1 A cm
-2
 showed excellent stability for the IrO2 based catalyst with no 
significant variation of cell voltage with time (Figure 5-23). It may be concluded from 
the results that Nb2O5 addition gave no enhancement in activity of the RuO2 and IrO2 
catalyst but still has a stabilisation effect towards the RuO2 catalyst. Monometallic 
RuO2 and IrO2 showed better performance than the bimetallic catalysts. The maximum 
amount of Nb that can be added is limited to 20 mol% below which significant decrease 
in conductivity and activity was observed. 
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6 Chapter 6. Preliminary investigation of organic 
acids doped PBI membrane 
This chapter describes the preparation and conductivity analysis of some organic acid 
doped PBI membrane. 
 Introduction 6.1
Solid proton exchange membrane (SPE) is an integral part of the PEM water electrolyser 
and fuel cells. State of the art PEMWE uses perfluoro sulfonated membrane Nafion
®
 as 
the SPE. The conductivity of the Nafion
®
 membrane depends on the water content and 
hence the temperature of operation is limited up to the boiling point of water. High 
pressure operation is proposed in order to retain water at high temperature. However high 
pressure operation is energy extensive process as it requires extra components for the 
pressurisation.  Acid-base complexation was found to be one of the best options for a high 
temperature membrane fuel cell [261, 262]. Introduction of polybenzimidazole (PBI) 
polymer (Figure 6-1) as a proton conducting membrane was a breakthrough in the high 
temperature PEM fuel cell [263]. PBI is relatively cheap, non perflourinated 
commercially available polymer having excellent chemical and thermal stability [264]. 
Phosphoric acid (PA) doped PBI is an acid-base type membrane having good 
conductivity at temperatures > 100
o
C (10
-2
 S cm
-1
) and is a suitable alternative to Nafion
®
 
up to a temperature of 200
o
C [264, 265]. It has many advantages [266] such as good 
proton conductivity, low gas permeability, zero electro osmotic drag, oxidative and 
thermal stability, good mechanical flexibility at elevated temperature, low acid and water 
vapour pressure of PA [267]. But it also has disadvantages such as poor mass transport 
properties (low O2 solubility, diffusivity and ionic conductivity) [267-269], slow kinetics 
for ORR [267, 268], leaching of acid from the membrane, and strong adsorption of H3PO4 
on a Pt catalyst [269]. An alternate dopant to H3PO4 with superior properties still remains 
a challenge and is of interest to high temperature PEMFC and PEMWE. 
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Figure 6-1. Chemical structure of (a) Nafion [270] and (b) polybenzimidazole [266]. 
 
The proton conductivity of the pristine PBI membrane is very low (10
-10 – 10-9 S cm-1) 
[271, 272], but doping with acids gives good proton conductivity in the range of 10
-2
 S 
cm
-1
 even in the anhydrous state [271]. Several inorganic acids have been studied as 
dopant by various groups. Xing and Savadogo [272] studied different inorganic acids 
H2SO4, HClO4, HCl, HNO3 and H3PO4 as a PBI membrane dopant. The conductivity of 
the membrane was found to depend on the type of the acid and its concentration. The 
highest conductivity was obtained for PBI doped in H2SO4 and H3PO4. At higher 
concentrations of the acids (≥ 8 M), the conductivities were in the order H2SO4 > H3PO4 > 
HClO4 > HNO3 > HCl [272]. Kawahara et al [273] studied H2SO4, H3PO4, HCl, CH3-
SO3H, C2H5-SO3H as dopants to PBI membranes. The PBI/H3PO4 complex was found to 
be thermally the most stable up to 500
o
C whereas all other acid doped membranes lose 
acid molecules at high temperature [273]. It was confirmed that an acid content of more 
than 2 moles per repeating unit (PRU) is required for the proton conductivity and a 
doping level of 5-7 is generally used for fuel cell application [273, 274]. The conductivity 
of H3PO4 doped PBI increases with temperature [273]. High conductivity can only be 
obtained with amphoteric acids, such as phosphoric or phosphonic acids and H3PO4 is 
considered to be the best dopant for PBI because of its high boiling point, low volatility, 
thermal stability and high proton conductivity even in anhydrous form [275]. The blend 
between PBI and H3PO4 is ideal and the conduction mechanism is same irrespective of 
the concentration of the H3PO4 used [276]. Since they are amphoteric, having both proton 
donor (acidic) and proton acceptor (basic) groups, it can form dynamic 3-D H-bonded 
networks which makes the proton transport through the hopping of proton (Figure 6-2). 
This type of conduction mechanism is called Grotthus mechanism [261, 266, 276] and is 
different from vehicle mechanism in which the solvent acts as vehicle for the proton 
transport (e.g. proton conduction in Nafion
®
). Grotthus mechanism is not possible with 
mono protic strong acids [269]. Also PBI/H3PO4 membranes retain good mechanical 
strength up to 200°C [277]. H2SO4 on the other hand is much more acidic and the 
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oxidative and thermal stability of H2SO4 doped PBI membrane is poor [278] and is not 
suitable for fuel cells at temperatures above about 80
o
C [268, 273]. At elevated 
temperatures H3PO4 starts dehydrating in many stages and the first two stages are given in 
equations (6-1) and (6-2) [279]. The polymerisation reduces the conductivity of the 
membrane. 
                   (6-1) 
                          (6-2) 
 
 
Figure 6-2. Schematic of proton conduction in phosphoric acid doped PBI membrane. (a) 
PBI )(b) protonated PBI (c) proton transfer along acid-BI-acid (d) proton transfer along 
acid-acid (e) proton transfer along acid-H2O[266].(Reproduced by permission of The 
Electrochemical Society). 
 
 Alternate acid to Phosphoric acid 6.1.1
Several studies have been carried out to find suitable alternative to H3PO4 electrolyte in 
the 1970’s for phosphoric acid fuel cells (PAFC). Many organic acids were studied as the 
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flexibility of the organic compound gives the freedom to alter their structure which is not 
available with inorganic systems [280].  
The most studied alternate electrolyte to H3PO4 was trifluoro methane sulfonic acid 
(TFMSA) [268, 281-283]. Adams and Barger [283] studied the potential of TFMSA 
monohydrate (TFMSA-MH) for hydrogen oxidation and propane oxidation. TFMSA 
showed a higher reaction rate for propane and H2 oxidation than 85% H3PO4 at 135
o
C 
[283]. Appleby and Foley [284] also observed a higher reaction rate for the various low 
molecular weight hydrocarbon oxidation and ORR in TFMSA-MH than in H3PO4 [268, 
285]. The higher kinetics on TFMSA compared to H3PO4 was attributed to the higher 
oxygen solubility and lower specific adsorption of the       
  anion compared to 
     
  [286, 287] whereas H3PO4 has higher anionic adsorption and lower oxygen 
solubility [285, 287, 288]. The solubility and diffusivity of  oxygen in perfluorosulfonic 
acid is higher than that in H3PO4 [269], however the high volatility and low ionic 
conductivity (aqueous solution) of TFMSA compared to H3PO4 makes it unsuitable as an 
electrolyte above 150
o
C [269, 281, 283]. The lower conductivity at higher concentrations 
is due to the lack of a hydrogen bonded network, as proton conduction occurs by 
migration through a highly viscous medium unlike the Grotthus mechanism in H3PO4 
[288]. 
Analogous compounds to TFMSA with a general formula  HSO3-(CF2)n-SO3H with n=1, 
2 and 6 were also studied [287]. It was found that as the ‘n’ value increases, the solubility 
in water and conductivity of aqueous solution decreases and the specific adsorption of the 
anion increases. At constant pH, the ORR on Pt decreases with an increase in n-value due 
to the increased anion adsorption. This increased adsorption was attributed to the weaker 
hydration of the anion due to its large size. As the anion is less solvated the adsorption 
will be higher since the solvent displacement from the inter nuclear region of ion and 
metal will be easier. 
Ahmad et al [280] studied the electrochemical properties of three organic sulfonic acids - 
ethane sulfonic acid, methane sulfonic acid and sulfoacetic acid as alternate fuel cell 
electrolyte. It was found that methane sulfonic acid is unstable as it decomposes at 0.9 V 
and 100
o
C [280]. Ethane sulfonic acid was found to be strongly adsorbed on the Pt 
electrode inhibiting the hydrogen and oxidation reaction and is thus cannot be a suitable 
electrolyte for fuel cell. Sulfoacetic acid on other hand did not show any significant 
adsorption on Pt electrode, but the commercially available sulfoacetic acid was not pure 
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and also is chemically unstable at temperatures above 85
o
C. From these studies it was 
concluded that unprotected C-H group containing compounds are strongly adsorbed on Pt 
and so the molecule has to be protected against the electrolytic oxidation or reduction in 
order to be used as fuel cell electrolytes [280]. 
Kanamura et al [269] studied perfluoro-ethylene-1,2-bis-phosphonic acid as fuel cell 
electrolyte. The diprotic phosphono group helps in the proton transport by Grotthus 
mechanism and the perfluoro group gives higher oxygen solubility [269]. CV studies 
showed that, bisphosphonic acid has higher hydrogen adsorption current density 
indicating that bisphononic adsorbs weakly on Pt catalysts [269]. The bis-phosphonic acid 
showed higher performance for ORR compared to H3PO4 at low current density (< 200 
mA cm
-2
) at 100
o
C and slightly lower performance at higher current density due to the 
lower O2 diffusion coefficient. As temperature increased from 100
o
C to 200
o
C the 
performance of bis-phosphonic acid increased due to the decrease in viscosity and the 
increase in O2 diffusivity. This makes it a promising acid for high temperature fuel cells.  
The studies on organic acids discussed above were mainly carried out before the 
introduction of PBI membrane in fuel cells by Savinell in 1996 [263, 265] and was 
mainly for the application in phosphoric acid fuel cell. Nowadays the high temperature 
fuel cell researchers are mainly concentrating on the H3PO4 doped PBI membrane 
because of its high proton conductivity at high temperature as discussed before. The 
objective of this chapter was to investigate the suitability of organic acid as alternate 
dopant to phosphoric acid doped PBI membrane. Introducing hydrophobicity by the 
organic group to the dopant structure will partially help to reduce the leaching out of the 
dopant from the membrane. 
 Experimental 6.2
Commercial PBI powder (Between, batch Lot 101/08) was used for the preparation of the 
PBI membrane. PBI powder was dissolved in dimethyl acetamide (DMAc) (Sigma 
Aldrich) to make 10 -12 wt.% solutions in a Teflon digestion vessel (Savillex, USA). The 
solution was then heat treated in the microwave oven (Cook works EM717CKL, 700W) 
at power = 50% with certain interval of cooling until most of the powder dissolved in the 
solvent. The undissolved powder was separated out by centrifuge and the solution was 
cast on a glass plate using a doctor blade and dried at 110
o
C to obtain a membrane with 
the required thickness (~40 µm). 
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 Doping of the membrane 6.2.1
Benzoic acid (BA) (fluka analytical), benzene sulfonic acid (BSA) (sigma aldrich) and 
phosphonoacetic acid (PAA) (alfa aesar) were used as PBI membrane dopants. Due to its 
lower solubility in water, benzoic acid solution was prepared in dimethyl formamide 
(DMF) [289] and all other acids were prepared in DI-water. Solutions of various 
concentrations were prepared and the PBI membrane was doped in it. The doping time 
was maintained to 12-14 days in order to have maximum adsorption of the acid by the 
membrane. 
A saturated solution of PAA was prepared by dissolving the acid in DI water and a 
concentration of about 7.3 M was obtained. A lower concentration of the acid (3 M, 5 M 
and 6 M) were obtained by the subsequent dilution of the saturated solution. The PBI 
membrane was initially weighed, immersed into each of these solutions and kept in an 
oven at 80
o
C.  
A saturated solution of BA (6.5 M) was prepared in DMF at 80
o
C and used for the 
membrane doping. Since BA has good solubility in DMAc, a direct casting method was 
also adopted to prepare the doped PBI membrane. For this, a 12.5% PBI-DMAc solution 
was mixed with BA to obtain 4, 6 and 8 PRU doping levels. This solution was cast on a 
flat glass plate using a doctor blade and dried in the air oven at 80
o
C for 1 hour. 
BSA solutions (4 M, 5 M, and 6 M) were prepared in DI water. A melt of the BSA was 
also prepared and used for doping the PBI membrane at 80
o
C. 
The doping level was calculated by weighing the membrane before and after the doping. 
The doped membrane was taken out from the solution and dried using tissue paper before 
weighing. The molar acid uptake was calculated from the weight difference before and 
after doping and is expressed as per repeating unit (PRU), i.e. the number of acid 
molecules per repeating unit of PBI polymer. The membrane conductivity of the doped 
PBI membrane was measured using the two point probe technique (section 2.3.4). 
 Results and Discussions 6.3
Three organic acids- BSA, BA and PAA were selected as dopants for PBI based on their 
melting point (MP) and boiling point (BP). Out of this the PAA contains both phosphonic 
acid and acetic acid group. It also contains an active methylene group (acidic hydrogen). 
The properties of the organic acids studied are given in Table 6-1. The doping level and 
doping time of three organic acids BA, BSA and PAA are given in Table 6-2. 
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Table 6-1. Properties of organic acids studied as membrane dopant. 
Acid Structure Melting point 
(MP) (
o
C) 
Boiling 
point (BP) 
(
o
C) 
Molecular weight 
(MW) (g mol
-1
) 
PA 
 
42 158oC 98 
PAA 
 
143-146 490oC 140.0 
BA 
 
118 249oC 122.1 
BSA 
 
45 -46oC 174oC 158.2 
 
Table 6-2. Organic acids studied as dopants for PBI membrane and their doping 
conditions. 
Acid Concentration 
(M) 
Doping time 
(days) 
Doping 
Temperature 
(oC) 
Doping level 
(PRU) 
Conductivity  
at 160oC, S cm-1  
(order of magnitude) 
BSA 4  12  75-80 3.0 10-3 
5  12  75-80 5.6 10-3 
6 12 75-80 4.9 10-3 
Melt 5  75-80 - 0 
BA 6.5 13  75-80 3.7 10-3 
 
PAA 
3 12  75-80 7.1 10-3 
5 12  75-80 8 10-3 
6  12  75-80 14.7 10-2 
7.3  12  75-80 19.7 10-2 
 
 
 
O
HO
P
O
OH
OH
O
HO
S
O
O
OH
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 Benzene sulfonic acid 6.3.1
A doping of PBI membrane in BSA melt was tried, but the membrane was found to be 
dissolving in the melt and no further testing was carried out. It was also observed in this 
study that the PBI membrane dissolves in the concentrated H2SO4 (98%) and TFMSA 
solution. Three different concentration of the BSA (4 M, 5 M and 6 M) were prepared and 
the conductivities of the doped membranes measured are given in Figure 6-3. The 4M 
BSA doped PBI membrane showed conductivity in the range of 10
-4
 S cm
-1
 at all 
temperatures whereas 5M and 6M showed conductivity in the order of 10
-3
 S cm
-1
 at 80
o
C 
and decreased with increase in temperature. The conductivity of the BSA doped PBI was 
one order of magnitude lower than the H3PO4 doped PBI membrane (Figure 6-5). 
 
Figure 6-3. Conductivity of BSA doped PBI membrane at different temperatures. 
 
Unlike the H3PO4 doped membrane, the conductivity of the BSA doped membrane 
decreased with an increase in temperature. As temperature increases from 120
o
C there 
was a tenfold decrease in conductivity for 5 M and 6 M BSA doped membranes. This 
might be due to the loss of water from the acid and the anhydrous acid being unable to 
provide sufficient proton conductivity. Anhydrous sulfonic acids are poor ionic 
conductors [280]. At temperature ≥ 140oC the conductivity of 4 M, 5 M and 6 M doped 
PBI membranes were more or less the same and was in the range of 10
-4 
S cm
-1
 which is 
unacceptable for fuel cell application. A doping level of 3.0, 5.6 and 4.9 were obtained for 
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4M, 5M and 6M respectively. A higher doping level was obtained with 5M than 6M 
which explains the higher conductivity of 5M than 6M. 
 Benzoic acid 6.3.2
Two procedures have been adopted to prepare for BA doped PBI membrane, direct 
casting and the immersion method (section 6.2.1). The former method resulted in a very 
fragile membrane which was not able to be used for testing. The thickness of the so 
obtained membrane was 87 µm. The latter method of doping PBI membrane in saturated 
solution of BA in DMF (6.5 M) produced a mechanically more stable membrane and the 
conductivity values measured are given in Figure 6-4. The conductivity obtained was in 
the range of 10
-3 
S cm
-1
 which was lower than H3PO4 doped PBI membrane. No 
significant change in conductivity with temperature was observed. This may be because 
the solution was prepared in DMF instead of water and the proton conductivity was 
contributed only by the –COOH group in the BA. 
 
Figure 6-4 Conductivity of 6.5M BA at different temperatures. 
 
No lower concentration solution was prepared due to the poor conductivity obtained with 
saturated solution. The low conductivity of BA and BSA could be the result of higher 
resistivity of these acids in their anhydrous form as reported elsewhere [290].  
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 Phosphonoacetic acid 6.3.3
The PBI doped in 6M PAA solution at room temperature was tested for conductivity after 
1, 3 and 10 days of doping and negligible conductivity were observed. So a higher doping 
temperature of 80
o
C and doping time 12 days were used for doping. The negligible 
conductivity of the membrane doped at room temperature may be due to the lack of 
diffusion of the acid into the membrane whereas at high temperature the acid present on 
the surface can migrate inside to the membrane. The conductivity of the doped PBI 
membrane was measured at temperature varying from 80
o
C to 200
o
C. The result obtained 
is given in Figure 6-5. The conductivity of the membrane increased with an increase in 
acid concentration. The highest conductivity was obtained for the 7.3 M doped PBI 
membrane (1.45×10
-2
 S cm
-1
 at 140
o
C). At 100
o
C all PAA doped PBI membranes showed 
conductivity in the order of 10
-3
 S cm
-1
. Interestingly the conductivity of the membrane 
increased with an increase in temperature for all concentration. The conductivity below 
140
o
C was of the same order of magnitude whereas a large increase in conductivity was 
observed above 140
o
C. All the membranes doped at PAA concentration > 3 M showed 
conductivity in the order of 10
-2
 S cm
-1
 at temperature > 160
o
C which is of the same order 
of magnitude as that of the PA doped PBI membrane. The conductivity of PBI membrane 
doped in 11.5 M H3PO4 at the same conditions is also given for comparison in Figure 6-5. 
 
Figure 6-5. Conductivity of PAA doped PBI membrane with respect to temperature. PBI 
doped with 11.5M H3PO4 (PA) is also shown for comparison. 
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The conductivity of PAA doped PBI was higher than that of the BSA (Figure 6-3) and 
BA (Figure 6-4) doped PBI membranes. However it was lower than that of H3PO4 doped 
PBI membrane at all concentrations. It has to be noted that H3PO4 conductivity decreases 
at >160
o
C (due to the polymerisation of PA) whereas PAA conductivity increases with 
temperature and at high temperature the conductivity may reach a value similar to PA 
doped PBI. The boiling point of PAA (490
o
C) is also higher than H3PO4 (158
o
C). This 
makes PAA an interesting alternate to H3PO4 at high temperature. The doping level of the 
PAA doped PBI increased with concentration (Table 6-2). Since water content was higher 
at lower concentration, there could be both water and acid uptake resulting in less acid 
content in the polymer membrane. A conductivity of 2×10
-2
 S cm
-1
 was obtained at 160
o
C 
for a membrane doped with 7.3 M PAA. Except the 3M PAA doped PBI membrane, all 
other membranes showed a conductivity in the order of 10
-2 
S cm
-1
 at temperature >140
o
C. 
The conductivity increase for temperature > 140
o
C may be attributed to the melting of the 
acid. The melted acid on the surface provides a better ionic conduction path and thus 
increases the protonic conductivity. Also the melted acid can penetrate into the membrane 
giving a higher doping level and better ionic conduction path. Unlike BSA, the anhydrous 
PAA is conducting due to the presence of phosphono group. The membrane after doping 
was found to contain solid particles of acid on the surface. The doping level for PAA was 
higher compared to other acids which might be due to the better interaction with PBI 
membrane by the phosphono group. 
 Conclusion: 6.4
A preliminary investigation of the suitability of organic acids as alternate to the H3PO4 
was carried out. Three organic acids BSA, BA and PAA were selected based on their 
melting and boiling point. Various concentrations of the acids were prepared and their 
conductivities at different temperatures were studied. Benzoic acid (2.5×10
-3 
S cm
-1
, 
120
o
C, 6.5 M) and benzene sulfonic acid (2.7×10
-3 
S cm
-1
, 120
o
C, 5 M) showed lower 
conductivity compared to phosphonoacetic acid (7.5×10
-3 
S cm
-1
, 120
o
C, 7.3 M). The 
conductivities of the doped PBI membrane were in the order PA>PAA>BSA>BA. 
Phosphonoacetic acid was the only studied acid that showed conductivity (2.2×10
-2
 S cm
-
1
, 160
o
C, 7.3 M) in the range of H3PO4 (2.6×10
-2 
S cm
-1
, 120
o
C, 11.5 M). Its conductivity 
also increased with increase in temperature (Figure 6-5). Since the conductivity of PAA 
doped PBI membrane increased continuously at temperatures > 160
o
C unlike phosphoric 
acid, PAA may be considered as suitable dopant to PBI membrane at temperature > 
160
o
C. Since only the conductivity of the doped membrane is considered here, a 
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definitive conclusion is not possible to make on the applicability of the PAA as alternate 
to phosphoric acid. More electrochemical studies are required to find out the adsorption 
of these acids on Pt or IrO2 catalysts and its effect on the activity of the catalyst to reach 
to a definitive conclusion. 
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7 Conclusion and future work 
 Conclusion 7.1
 This thesis tried to explore various possibilities of producing a stable and active OER 
catalyst with reduced precious metal loading in order to make the PEMWE system cost 
effective. Supporting the catalyst on a cheap support material is one of the methods to 
reduce the precious metal loading on the electrode. Antimony doped tin oxide (ATO) 
and indium tin oxide (ITO) were investigated as supports for IrO2 in PEMWE anodes in 
chapter 3 and chapter 4. The surface area and the conductivity of the supported catalysts 
were predominantly contributed by the IrO2 as the support materials used have lower 
conductivity and surface area than the pristine IrO2 catalyst. From the ATO supported 
catalysts it was clear that a loading of lower than 60 wt.% IrO2 decreased the 
conductivity and surface area significantly which in turn decreased the performance of 
the MEA. The CV in 85% H3PO4 at room temperature showed that all the supported 
catalysts have higher normalised voltammetric charge compared to the pristine IrO2 
indicating that the support helps in the dispersion of the catalyst and smaller crystallites 
of IrO2 formed on the support. MEA analysis with Nafion 115 membrane at 80
o
C was 
also in agreement with the CV analysis. The pristine IrO2 and 90% IrO2-ATO showed 
best performance with a cell voltage of 1.73 V @ 1A cm
-2
 at 80
o
C. Normalising the 
current density with the IrO2 loading indicated that the IrO2 loading ≥60% IrO2-ATO 
gives better performance than the pristine IrO2.  A similar study on the ITO supported 
IrO2 catalyst showed significant agglomeration for loading ≤ 60% IrO2-ITO and a large 
decrease in the catalytic performance was observed in CV and MEA tests. This shows 
the influence of the IrO2 particle size on the performance of the MEA. Interestingly the 
60 wt.% IrO2 supported on a non-conducting TiO2 gave a conductivity of the same 
order of magnitude to that of its ITO counterpart. This implies that the support 
conductivity is not significant as long as a conducting film is formed on it. Comparing 
the results of ITO, ATO and TiO2 supported IrO2 catalyst, it can be proposed that 60 
wt.% IrO2 can be considered as optimum loading on supports with good catalytic 
performance. Complete coverage of the support with smaller active catalyst particles is 
important to produce catalysts with high active surface area and good conductivity. 
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Nb2O5 addition to RuO2 and IrO2 was studied in order to produce a stable catalyst for 
low temperature PEMFC. The addition of Nb2O5 did not enhance the activity of the 
catalyst but decreased the activity due to the dilution of active component. Two 
synthesis methods-Adams method and hydrolysis method were adopted to prepare the 
bimetallic catalyst. The Adams method was found to be forming NaNb oxide complex 
oxides which decrease the conductivity and activity of the catalyst. Thus the Adams 
method is not a suitable method to prepare Nb based catalysts. In both methods of 
preparation, > 20 mol% Nb lowers the electrical conductivity and activity. The 
monometallic RuO2(A), . The pristine RuO2(A) (1.62 V @1 A cm
-2
) and RuO2(H) (1.75 
V @1 A cm
-2
) and IrO2(A) (1.63 V@ 1 A cm
-2
) showed best performance in the MEA 
analysis with Nafion 115 membrane at 80
o
C compared to the bimetallic catalysts in both 
methods of preparation. The stability, on the other hand was found to be increasing on 
Nb2O5 addition. MEA stability tests on ruthenium oxide based catalysts showed that the 
stability of RuO2 is poor whereas Nb addition slightly improve the stability but is not 
significant enough whereas iridium oxide based catalysts showed extremely good 
stability in the MEA stability test. 20 mol% Nb can be added to iridium oxide and 
ruthenium oxide with slight compromise in the activity while reducing the precious 
metal loading by 20 mol%.  
Preliminary investigations of some of the possible organic acids were carried out as 
dopant for a PBI membrane. Phosphonoacetic acid (PAA) doped PBI was found to be 
giving comparable conductivity as that of phosphoric acid doped PBI (in the order of 
10
-2
 S cm
-1
). The conductivity of the PAA doped PBI membrane increased with an 
increase in temperature. Unlike PA, no drop in conductivity was observed above 160
o
C 
indicating that the conductivity may reach to that of PA at high temperature (> 160
o
C). 
More electrochemical studies are required to understand the activity of the catalyst on 
this electrolyte. 
 Recommendation for future work 7.2
1. Since 60 wt.% was proposed to be an optimum loading for a supported catalyst, a 
long term stability test of 60% IrO2-ATO and 60% IrO2-TiO2 catalyst needs to be 
compared with the pristine IrO2 to investigate the stability of the supported catalyst 
for long term operation. 
2. Phosphoric acid doped PBI membrane is proposed to be a promising membrane for 
high temperature membrane. The MEA performance of the supported catalyst can 
be investigated in a PBI membrane based MEA in steam electrolysis. 
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3. The potential of the supported catalyst at high temperature can be studied in half-
cell set up using 85% H3PO4 electrolyte. An experimental set up need to design 
with a provision for uniform heating. Thermally stable binders such as PTFE 
solution need to be studied for this purpose. 
4. Phosphonoacetic acid was found to be promising organic acid from its conductivity 
at high temperature. Detailed electrochemical studies required to investigate its 
applicability as alternate dopant to phosphoric acid in PBI-phosphoric acid 
membrane system. The phosphonoacetic acid doped PBI membrane can also be 
studied in full cell set up to study the MEA performance. 
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8 Appendix 
 Crystallite size calculation by Scherrer equation from XRD 8.1
Scherrer equation was used to calculate the crystallite size from the XRD spectra. 
  
    
     
 
Where t is the crystallite size,            is the wavelength of the X-ray,   is the 
full width at half maximum (FWHM),   is the peak position in radians. 
E.g For peak at   =33.94o and FWHM of 1.97o , 
  
     
 
              
 
   
                      
                             
Similarly             
 
   
               
Substituting in Scherrer equation, 
  
         
           
         
 Conductivity measurement 8.2
Powder conductivity of the powder catalyst samples were measured using the set up 
described in section 2.3.1. The thickness vs. resistance gives a linear relationship and 
slope of which gives the resistivity. 
For e.g. The linear vs. thickness plot of 60% IrO2-ATO is given below. The slope of the 
linear fit is 0.3188. 
The resistivity can be calculated from the equation (2-14), 
  
  
  
   
Where   is the resitivity and 
  
  
 is the slope of the resistance. Vs thickness plot, A is the 
area of cross section of sample which is 0.19625 cm
2
 in our set up. Thus  
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Conductivity ( ) can be calculated taking reciprocal of resistivity, 
  
 
 
 
 
         
             
 
 
 Cell efficiency calculation 8.3
Reversible potential at any temperature without the pressure effect can be written as 
[30-34], 
      
                                                   
The reversible potential calculated according to this equation is given in the table below. 
Temperature E rev (V) 
25 1.229 
50 1.208 
80 1.184 
 153 
 
153 Appendix 
 
The efficiency (   ) is defined as below, 
    
    
     
 
Where       is the thermodynamic reversible potential and       is the cell voltage 
obtained. Substituting the reversible voltage from the table above at 80
o
C, and cell 
potential obtained (e.g. 1.73 V), the efficiency can be calculated as, 
    
    
     
 
     
    
       
 Energy consumption for H2 production 8.4
The H2 evolution can be written as, 
           
ie, for one mole of H2 production 2 moles of electrons is required. 
Considering current density as   A cm-2 passed for   hour, the number of moles of 
electrons passed ( ) will be (Total charge passed/charge of one moles), 
  
   
 
 
Where j is the current density (A cm
-2
), t is the time (seconds), F is the faradays constant 
(96487 C). The no of moles of H2 produced are half of the moles of electron (from the 
stoichiometric equation for HER above), 
                
 
 
 
We know that one of mole of ideal gas at STP possess a volume of 22.4 litres, 
Considering the H2 as ideal gas, the volume of H2 produced at STP will be, 
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An example of the calculation is given in table below 
Current 
density 
 
Time Cell 
voltage 
No of 
moles of 
e- 
No of 
moles 
of H2 
Volume 
of H2 
H2 
production 
rate 
Energy 
required 
Energy 
consumption 
1  
A cm
-2
 
1 hr 1.62 V 0.037 0.0187 
0.418 
litre 
0.000418 
Nm
3
/h 
1.62 W 
3.877 
kWh Nm
-3
 
 Final state screening 8.5
Final state screening in XPS is due to the relaxation of the final state configuration (due 
to the loss of screening effect of core level electron which underwent photoemission) 
[291]. There is a sudden change in the effective charge due to the loss of shielding 
electrons (This perturbation induces a transition in which an electron from a bonding 
orbital can be transferred to an anti-bonding orbital simultaneously with core ionization) 
[291, 292]. This produces line which is split asymmetrically into several components. 
The relaxation energy used to excite electrons in the valence state to bound state 
(monopole excitation or shake up satellite) or unbound state (monopole ionization or 
shake off satellite) [292]. Shake up features appear at high BE side of main XPS peak 
and are common among transition metal oxides associated with paramagnetic species 
(eg: Ir
4+
).  
Two types of satellites are detected, 
Shake up: The outgoing electron interacts with a valence electron and excites (shake 
up) it to a higher energy level. As a consequence, the core electron energy is reduced 
and a satellite structure appears a few eV lower KE (higher BE) of core level electron 
[291, 292]. 
Shake off: The valence electron ejected from the ion completely (to the continuum). 
Appears as a broadening of the core level peak or contribute to the inelastic background 
[291, 292].  
Schematic of the two types of satellite is given in Figure 8-1. 
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Figure 8-1. Schematic of final state screening in XPS [291]. 
 
 Calculation of acid doping level in the membrane 8.6
Consider, 
Weight of the membrane before doping =   
Weight of the membrane after acid doping =   
                                         
The molecular weight of the phosphoric acid = w2 g mol
-1 
                                            
 
  
     
Molecular weight of the PBI =308 g mol
-1
 
                            
  
   
     
              
                  
                 
 
 
 
  
 
 156 
 
156 Appendix 
 Some major electrolyser manufactures 8.7
Some of the major commercial electrolyser manufacturers and their hydrogen 
production efficiencies are given in the Table 8-1. 
Table 8-1. Some of the major commercial electrolyser manufacturers and their 
hydrogen production specifications. 
Manufacture
r 
Type of 
electrolys
er 
Model Rate of 
production 
(Nm3h-1) 
Energy 
consumption 
(kWhNm-3) 
Pressure 
(bar) 
Country 
of origin 
Ref 
AccaGen Alkaline 
 
150 5 40 
Switzerl
and 
[293] 
Hydrogenics 
PEM 
HyLZER 
1&2 
1-2 6.7 0-8 
US/EU [294] 
Alkaline HySTAT 10 4-10 4.9 10-30 
Alkaline HySTAT 15 6-15 4.9 10-30 
Alkaline HySTAT 20 8-20 4.9 - 5 10 
Alkaline HySTAT 30 12-30 4.9-5 10 
Alkaline HySTAT 60 24-60 4.9 10 
Protononsite PEM 
HoGEN S 0.265 - 1.05 6.7  13.8 
USA [295] HoGEN H 2 - 6 6.8 - 7.3 15 
HoGEN C 10 -30 5.8 - 6.2 30 
Norsk hydro 
electrolyser 
Alkaline 
Atm. 
(4000A) 
0 - 377 4.1 0.02 
Norway 
[296] Atm. 
(5150A) 
0 - 485 4.3 0.02 
HPE 10-65 4.8 12 
NEL-A atm 50 - 485 4.4 250 [297] 
IHT 
Alkaline 
Lurgi system 
 
110 - 760 4.3-4.6 
32.4 
Switzerl
and 
[296] 
Bamag 
system 
3-330 3.9 - 4.5 
Alkaline 
EC 
500,600,750,
1000 
28-56  10 
Giner PEM 
High 
pressure 
electrolyser 
3.7 5.4 85 USA [298] 
H-tec 
systems 
PEM EL-30 0.33-3.6 5 - 5.5 30 
German
y 
[299] 
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